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ABSTRACT
Context. The morphological, spectroscopic and kinematical properties of the warm interstellar medium (wim) in early-type galaxies (ETGs)
hold key observational constraints to nuclear activity and the buildup history of these massive, quiescent systems. High-quality integral field
spectroscopy (IFS) data with a wide spectral and spatial coverage, such as those from the CALIFA survey, offer an unprecedented opportunity for
advancing our understanding of the wim in ETGs.
Aims. This article centers on a 2D investigation of the wim component in 32 nearby (<∼150 Mpc) ETGs from CALIFA, complementing a previous
1D analysis of the same sample (Papaderos et al. 2013; P13).
Methods. The analysis presented here includes Hα intensity and equivalent width (EW) maps and radial profiles, diagnostic emission-line ratios,
besides ionized-gas and stellar kinematics. It is supplemented by τ-ratio maps as an efficient means to quantify the role of photoionization by the
post-AGB stellar component, as compared to alternative mechanisms (e.g., AGN, low-level star formation).
Results. Confirming and strengthening our conclusions in P13, we find that ETGs span a broad continuous sequence in the properties of their
wim, exemplified by two characteristic classes. The first one (type i) comprises systems with a nearly constant EW(Hα) in their extranuclear
component, in quantitative agreement with (even though, no proof for) the hypothesis of photoionization by the post-AGB stellar component
being the main driver of extended wim emission. The second class (type ii) stands for virtually wim-evacuated ETGs with a very low (≤0.5 Å),
outwardly increasing EW(Hα). These two classes appear indistinguishable from one another by their LINER-specific emission-line ratios in their
extranuclear component. Here we extend the tentative classification we proposed previously by the type i+, which is assigned to a subset of type i
ETGs exhibiting ongoing low-level star-forming activity in their periphery. This finding along with faint traces of localized star formation in the
extranuclear component of several of our sample galaxies points to a non-negligible contribution by OB stars to the global ionizing photon budget
in ETGs. Additionally, our data further highlight the diversity of ETGs with respect to their gaseous and stellar kinematics. Whereas, in one half
of our sample, gas and stars show similar (yet not necessarily identical) velocity patterns, both dominated by rotation along the major galaxy
axis, our analysis also documents several cases of kinematical decoupling between gas and stars, or rotation along the minor galaxy axis. We
point out that the generally very low (<∼1 Å) EW(Hα) of ETGs make necessary a careful quantitative assessment of potential observational and
analysis biases in studies of their wim. Since, with standard emission-line fitting tools, Balmer emission lines become progressively difficult to
detect below an EW(Hα)∼3 Å, our current understanding of the presence, and 2D emission patterns and kinematics of the diffuse wim ETGs may
be severely incomplete. We demonstrate that, at the typical emission-line detection threshold of ∼2 Å in previous studies, most of the extranuclear
wim emission in an ETG may evade detection, which could in turn prompt its classification as an entirely gas-devoid system.
Conclusions. This study adds further observational evidence for a considerable heterogeneity among ETGs with regard to the physical properties
and 2D kinematics of their extended wim component, and underscores the importance of IFS studies of these systems over their entire optical
extent.
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1. Introduction
The featureless appearance of early-type galaxies (ETGs) has
for decades sustained the view that these systems are largely
‘simple’, both in terms of their mass assembly history and kine-
matics, formed early on, and having undergone little evolu-
tion over the past several Gyr (e.g., Mathews & Baker, 1971;
Bregman, 1978; White & Chevalier, 1983). However, our under-
standing of the buildup of these systems has undergone a sub-
stantial revision over the last years, as ground-based and satel-
lite multi-wavelength data have gradually revealed a great deal
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of structural and kinematical diversity in present-day ETGs (e.g.,
Bender et al., 1989; Kormendy et al., 2009).
For instance, careful photometric studies have revealed in
many of these systems a rich variety of low-surface bright-
ness non-axis-symmetric features, such as ripples and shells
(e.g., Schweizer & Seitzer, 1988; Struck, 1999, and references
therein), pointing to a tumultuous assembly history, with mul-
tiple minor merger episodes, some of which may have pro-
vided the gas fuel for rejuvenating these ‘old and dead’ galaxies
with low-level star formation (SF) (see, e.g., Trager et al., 2000;
Rampazzo et al., 2007; Kaviraj et al., 2008; Clemens et al., 2009;
























optical colors of several ETGs are consistent with a prolonged
phase of low-level SF, in which 1% to 3% of the stellar massM?
could have formed in the past one Gyr (Kaviraj et al., 2007).
With the advent of integral field spectroscopy (IFS), spa-
tially resolved analyses have further highlighted the diversity
and complexity of ETGs. For instance, following the initial study
of NGC 3377 by Bacon et al. (2001), the SAURON project
has given a decisive contribution to the systematization of the
kinematical properties of ETGs, among others, by uncovering
kinematically decoupled or even counter-rotating cores in sev-
eral of these systems (e.g., Sarzi et al., 2006). Further insights
into the connection between kinematics and other ETG proper-
ties are being added with the ATLAS3D IFS survey (Cappellari
et al., 2011), supplementing previous work with information on,
e.g., the relation between the specific angular momentum and the
shape of surface brightness profiles (e.g., Krajnovic et al., 2013),
or that between the degree of rotational support and X-ray lumi-
nosity (Sarzi et al., 2012).
Another key insight has been the presence of faint nebu-
lar emission in the majority of ETGs studied with longslit and
single-aperture SDSS spectroscopy (e.g., Phillips et al., 1986;
Demoulin-Ulrich et al., 1984; Kim, 1989; Trinchieri & di Serego
Alighieri, 1991; Annibali et al., 2010; Yan & Blanton, 2012) or
narrow-band imaging (Finkelman et al., 2010; Kulkarni et al.,
2014). In particular, SAURON, has detected extended nebular
emission in ∼75% of the studied ETGs (48 in total), strength-
ening previous evidence for the presence of an ubiquitous warm
(T∼104 K) interstellar medium (wim) component in these sys-
tems, and adding new information on its kinematics. For exam-
ple, Sarzi et al. (2006, see also Sarzi et al. 2007) reported the
detection of extended Balmer Hβ emission in ETGs down to an
equivalent width (EW) of '0.1 Å, and demonstrated a puzzling
variety of morphologies and kinematics, with striking cases of
kinematical decoupling between gas and stellar motions.
Using IFS data from the Calar Alto Legacy Integral Field
Area survey (CALIFA, Sánchez et al., 2012), the presence of
an extended wim component in ETGs was first demonstrated
by Kehrig et al. (2012, hereafter K12), and subsequently by
Papaderos et al. (2013) and Singh et al. (2013). CALIFA is the
first IFS survey simultaneously permitting full coverage of the
optical spectral range and spatial extent of a representative sam-
ple of Hubble-type galaxies in the local universe (see Walcher
et al., 2014, for description of the sample selection). The wide
spectral and spatial coverage of CALIFA is a key advantage over
SAURON and ATLAS3D, which target a narrow spectral inter-
val encompassing the Hβ and [O III]5007 lines over a field of
view (FoV) of 33′′×41′′(∼1/3 of that of CALIFA). As recently
pointed out by Arnold et al. (2014) and Gomes et al. (2015b), a
full mapping of the optical galaxy size is essential for an unbi-
ased determination of the properties of gas and stars in ETGs.
Spatially resolved IFS studies of emission-line EWs and
line-flux ratios of the wim also yield key constraints on the en-
ergy balance and gas excitation mechanisms in ETGs – an issue
being debated for at least the last three decades. Most ETG nu-
clei show faint nebular emission with an Hα equivalent width
of typically EW(Hα)≤10 Å (see, e.g., Annibali et al., 2010) and
are classified as low-ionization nuclear emission-line regions1
(LINERs; Heckman, 1980) on the basis of optical diagnostic
1 Since it is now recognized that LINER-specific emission-line ra-
tios are not confined to galaxy nuclei (e.g., Sharp & Bland-Hawthorn,
2010; Kehrig et al., 2012; Papaderos et al., 2013; Singh et al., 2013), a
more adequate acronym would be low-ionization emission-line regions
(LIERs).
line ratios after Baldwin et al. (1981, referred to in the follow-
ing as BPT ratios) and (Veilleux & Osterbrock, 1987, hereafter
VO). One widely favored mechanism for the wim excitation in
ETG nuclei involves ‘weak’, low-luminosity active galactic nu-
clei (LLAGN) (cf, e.g., Ho, 1999), powered by radiatively in-
efficient (sub-Eddington) accretion onto a central super-massive
black hole (SMBH), a process that is thought to be governed by
the absence of the broad-line region and its surrounding torus, as
in classical Active Galactic Nuclei (AGN) (Ho, 2008, and refer-
ences therein).
Other hypotheses involve fast shocks (e.g., Dopita &
Sutherland, 1995; Allen et al., 2008), photoionization by ongo-
ing low-level SF (e.g., Schawinski et al., 2007; Shapiro et al.,
2010) and hot evolved (≥ 108 yr) post-asymptotic giant branch
(pAGB) stars (e.g., Trinchieri & di Serego Alighieri, 1991;
Binette et al., 1994; Macchetto et al., 1996; Stasin´ska et al.,
2008; Cid Fernandes et al., 2010, 2011; Sarzi et al., 2010; Yan
& Blanton, 2012). The latter mechanism has attracted a great
deal of interest in the last years and was even proposed to be
the sole source of gas excitation in ETG/LINERs. Turning into
this subject, following earlier work by di Serego Alighieri et al.
(1990) and Trinchieri & di Serego Alighieri (1991), Binette et al.
(1994) have first studied quantitatively with evolutionary syn-
thesis models the ionizing output from white dwarfs and hot
pAGB stars2, and demonstrated that these sources are capable of
producing the ionizing radiation for simultaneously explaining
the low nuclear EWs and LINER characteristics of ETG nuclei.
Several observational studies have added support to the pAGB
photoionization hypothesis. For example, Sarzi et al. (2010), us-
ing SAURON IFS data, conclude that pAGB stars, instead of
fast shocks, are the main source of ionizing photons in ETGs.
This view was reinforced, at least as far extranuclear wim emis-
sion is concerned, by our study in K12, and, more recently, by
a combined study of Sloan Digital Sky Survey (SDSS; York
et al., 2000) and Palomar survey (Ho et al., 1995) spectra by
Yan & Blanton (2012). Likewise, Eracleous et al. (2010) point
out that pAGB stars provide more ionizing photons than AGN
in more than half of the LINERs and can account for the ob-
served line emission in 1/3 of these systems. On the other hand,
arguments against the predominance of pAGB photoionization
in ETGs/LINERs were discussed in other studies. For instance,
Annibali et al. (2010) conclude from the analysis of long-slit
spectra for 65 ETGs that in only ∼1/5 of their sample can the
nuclear LINER emission be attributed to pAGB photoionization
alone, and excitation by a low-accretion rate AGN or fast shocks
is likely necessary for the majority of ETG nuclei. The pAGB
component as the dominant source of photoionization in ETG
nuclei has also been disputed by, e.g., Ho (2008), on the basis of
various arguments, one of them being that line emission in these
systems tends to be very centrally concentrated.
Following the seminal theoretical work by Binette et al.
(1994), the pAGB photoionization hypothesis has been recently
further investigated in e.g., Sodré & Stasin´ska (1999); Stasin´ska
et al. (2008); Cid Fernandes et al. (2010, 2011); Stasin´ska
et al. (2015) and confronted with SDSS spectroscopic data. As
Stasin´ska et al. (2008) argue, a significant fraction of ETGs are
in fact ‘retired’ galaxies, i.e. systems that stopped forming stars,
and whose ionizing field is powered solely by pAGB sources.
According to the classification by Cid Fernandes et al. (2011),
this large population of retired ETG/LINERs is characterized by
2 For the sake of brevity we will refer to in the following as ‘pAGB
stars’ to all ionizing point sources arising at and beyond the post-AGB
phase.
2
The warm ionized gas in CALIFA early-type galaxies
a [N II]/Hα ratio of >∼1 (similar to classical AGN) yet faint neb-
ular emission (0.5 >∼ EW(Hα) [Å] <∼ 3.0). Quite importantly, the
generally satisfactorily agreement between pAGB photoioniza-
tion models and single-aperture SDSS data has called into ques-
tion the necessity of any additional energy source (SF, AGN)
in ETGs, and led even to the rejection of ‘weak’ (low-accretion
rate, low-luminosity) AGN in these systems: As emphatically
pointed out in Cid Fernandes et al. (2011), retired galaxies (i.e.
low-EW(Hα) ETG/LINERs) are actually fake AGN, erroneously
counted as AGN, and leading to the illusion of a Seyfert-LINER
dichotomy in the AGN population.
In the framework of the CALIFA collaboration, two recent
studies (P13, Singh et al., 2013) have confirmed and strength-
ened the conclusion by K12 that LINER-like nebular emission
in ETGs typically extends several kpc away from the galaxy
nuclei. They also lent further support, on the basis of distinc-
tively different arguments, to the idea that pAGB photoioniza-
tion can be an important ingredient of the wim excitation on
galactic scales. More specifically, P13 studied the radial distri-
bution of the EW(Hα) over nearly the entire optical extent of 32
ETGs and demonstrated that this quantity shows a nearly con-
stant value of ∼1 Å in the extranuclear component of ∼40% of
their sample (type i ETGs in their classification), in quantita-
tive agreement with the diffuse floor of ionization expected from
the pAGB background. A second test made involves the τ ratio
(K12, see also Binette et al., 1994; Cid Fernandes et al., 2011,
for similar definitions), defined as the inverse ratio of the ob-
served Hα luminosity to that predicted from pAGB photoioniza-
tion when assuming standard conditions in the gas and case B
recombination. The nearly constant τ ' 1 determined in their
extranuclear component of type i ETGs implies that the Lyman
continuum photon rate from pAGB stars is energetically capable
of sustaining the observed low-level wim emission.
On the other hand, P13 have shown that ETGs in their major-
ity display more complex 2D gas emissivity patterns than what
is expected from in situ (case B) recombination of the Lyc output
from the pAGB component. Specifically, in ∼60% of the ETGs
in their sample (type ii in their classification) the τ ratio was de-
termined to be between ≥ 2 and up to >∼50, implying that the bulk
of Lyc photons produced by pAGB stars escapes without being
locally reprocessed into nebular emission. They interpreted this
and the positive radial EW(Hα) gradients of type ii ETGs as the
result of the interplay between various physical parameters de-
termining the 3D characteristics of the warm and hot gas compo-
nent in ETGs, such as, e.g., porosity, filling factor and ionization
parameter. The fact that type i and type ii ETGs are almost in-
distinguishable from one another by their LINER characteristics,
despite a difference of ≥1 dex in their τ (hence, also their 3D gas
structure and Lyc photon escape fraction) has led P13 to conjec-
ture that, in the 3D geometry of ETGs, classical BPT diagnostics
become degenerate over the area of the diagrams which cover
galaxies with LINER-like ratios. Additionally, as first pointed
out in P13, a far-reaching implication of the large Lyc escape
fraction in type ii ETGs is that these systems could host sig-
nificant accretion-powered nuclear activity that evades detection
through optical spectroscopy. This is because, in the presence of
extensive Lyc escape, the luminosities of nebular emission lines
commonly used as diagnostics of accretion-powered nuclear ac-
tivity and/or to which SMBHs mass determinations are tied, are
reduced by at least one order of magnitude. For the same reason,
a low nuclear EW(Hα) (0.5. . . 3 Å) is not per se compelling ev-
idence for the wim emission in ETGs being solely powered by
pAGB stars, even though their ionizing photon output is able to
sustain their diffuse Hα emission. As we recently pointed out in
Gomes et al. (2015a), it is imaginable that the combined effect
of different gas excitation sources (SF, pAGB, AGN and shocks)
with geometry-dependent Lyc leakage can lead to a nearly con-
stant EW(Hα)∼1 Å, mimicking a predominance of pAGB pho-
toionization all over the extranuclear component of type i ETGs.
Large-FoV, wide spectral coverage IFS data, as those from
CALIFA, obviously offer a tremendous potential for further elu-
cidating the nature and excitation mechanisms of the wim in
ETGs. In this article, we discuss in more detail our methodol-
ogy in P13 and extend our analysis by a concise summary of
the 2D properties of the nebular and stellar component in our
ETG sample, as derived with our IFS data processing pipeline
PORTO3D. This paper is organized as follows: Section 2 pro-
vides a brief outline of the CALIFA survey and basic infor-
mation on the studied ETG sample. In Sect. 3 we briefly sum-
marize our analysis methodology and in Sect. 4 we describe
the output from PORTO3D and auxiliary codes that is consid-
ered in the subsequent analysis. In Sect. 5 we provide a com-
parative discussion of the main properties of type i and type ii
ETGs (Sects. 5.2&5.3) laying emphasis on the morphology and
EW distribution of their nebular component. The incidence of
accretion-powered nuclear activity and the kinematical proper-
ties of gas and stars in our sample ETGs are cursorily discussed
in Sects. 5.3.1 and Sect. 5.4, respectively. Finally, in Sect. 5.5
we briefly comment on how observational bias stemming from
an EW detection threshold for faint nebular emission could af-
fect spectroscopic classifications of ETGs. The main results and
conclusions from this study are summarized in Sect. 6.
The Appendix provides theoretical predictions from the lit-
erature and our own evolutionary synthesis code on the time
evolution of the EW(Hα) for a pAGB-dominated stellar com-
ponent (Sect. A). Additionally, in Sect. B we discuss the main
components of PORTO3D, and the methodology employed for
the determination of emission-line fluxes and their uncertain-
ties, as well as the derivation of the radial distribution of var-
ious quantities of interest. This article is supplemented by the
main output from PORTO3D for our sample ETGs (Sect. C) and
a comparison sample of composite/star-forming galaxies from
CALIFA (Sect. D), which is meant to illustrate the variation of
the EW(Hα), τ and diagnostic line ratios from early-type to-
wards late-type galaxies.
2. Data sample
The CALIFA survey (Sánchez et al., 2012, see also Sánchez
2014a for a review) aims at a systematic study of a represen-
tative sample of the Hubble-type galaxy population in the lo-
cal Universe (z ≤ 0.03). The CALIFA sample (600 galaxies,
Walcher et al., 2014) has been selected such as to ensure optimal
statistics for the different Hubble types, and to take maximum
advantage of the large hexagonal FoV (74′′×62′′, sampled by
331 fibers 36 of which are dedicated to sky background subtrac-
tion) of the PMAS/PPak spectrograph (Roth et al., 2005; Kelz
et al., 2006) mounted at the 3.5m telescope at the Calar Alto ob-
servatory. For each sample galaxy, the CALIFA IFS data com-
bine 2 to 3 individual dithered exposures in two different instru-
ment setups: the low-spectral resolution setup (V500; R ∼ 850)
and the medium-resolution setup (V1200; R ∼ 1700) with a
spectral coverage between 3750 – 7500 Å and 3700 – 4200 Å,
respectively. After reduction with the CALIFA IFS data pro-
cessing pipeline (version 1.3c for the data set used here; see
Husemann et al., 2013, for details), the data are provided to
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the CALIFA collaboration interpolated within a 78′′×72′′ grid,
flux-calibrated at a precision better than ∼15% and corrected for
foreground Galactic extinction. Additionally, the CALIFA data
processing pipeline provides from its version v1.3c onward er-
ror statistics for each spaxel and a detailed quality control (e.g.,
spectral masks with spurious features, such as local residuals in
the sky- or cosmic-ray removal). Regular public data releases
of fully reduced CALIFA IFS data, the latest one (DR2; 200
galaxies – García-Benito et al., 2015) in fall 2014, underscore
the legacy potential of the CALIFA survey and its general value
to the astronomical community.
Following its first science publication in K12, the CALIFA
collaboration has completed several studies dedicated to, e.g.,
aperture effects (Iglesias-Páramo et al., 2013) and the spatial
resolution of IFS data (Mast et al., 2013), stellar age gradients
in galaxies (Pérez et al., 2013; González Delgado et al., 2014a;
Sánchez-Blázquez et al., 2014) and the uncertainties in their de-
termination from spectral fitting (Cid Fernandes et al., 2014),
the mass-metallicity relation (Sánchez et al., 2013; González
Delgado et al., 2014b), the presence of universal metallicity gra-
dients in galaxies (Sánchez, 2014a; Sánchez et al., 2014b), the
spatial distribution and excitation mechanisms of nebular emis-
sion in ETGs and other LINER galaxies (P13, Singh et al.,
2013), and devised a new semi-empirical metallicity calibration
based on the largest hitherto compiled sample of HII regions in
late-type galaxies (Marino et al., 2013). Several parallel ongo-
ing studies within the collaboration explore various properties
of present-day Hubble-type galaxies, such as their stellar and
gas kinematics (García-Lorenzo et al., 2015; Barrera-Ballesteros
et al., 2014, Falcón-Barroso et al., in prep.).
This study is based on V500 IFS datacubes for 20 E and
12 S0/SA0 galaxies in the local volume (<150 Mpc) and com-
prises essentially all ETGs observed by CALIFA at the onset of
this project (mid 2012) with our pilot study in K12. The low-
resolution (V500) CALIFA IFS data have the advantage of cov-
ering the entire optical spectral range, thereby permitting flux de-
terminations of several emission lines and their ratios, and spec-
tral fitting of single-spaxel spectra down to a surface brightness
level µ ' 23.6 g mag/uunionsq′′ (cf, e.g., K12), allowing for the study of
the extranuclear component of ETGs out to typically >∼2 r band
Petrosian_50 radii rp, taken from SDSS.
In P13 we studied these 32 ETGs (Table 1) only with re-
spect to the radial distribution of their EW(Hα), τ and BPT ra-
tios, without discussing the 2D properties of their nebular and
stellar components, which is the goal of the present article.
3. Outline of the analysis methodology
The CALIFA IFS data were processed spaxel-by-spaxel with
PORTO3D, a pipeline developed by us with the purpose of auto-
mated spectral fitting and post-processing of flux-calibrated IFS
data cubes. This pipeline (see Fig. B.1 for a schematic overview)
combines a suite of modules written in the MIDAS3 script lan-
guage and in GNU Fortran 2008, with peripheral modules us-
ing CFITSIO and PGplot routines. The spectral fitting module
of PORTO3D invokes the publicly available (v.4) version of the
population synthesis code STARLIGHT (Cid Fernandes et al.,
2005). PORTO3D enabled the first science publication of the
CALIFA collaboration in K12 and since then has undergone
several upgrades. Its current version (v.2), used in P13 and this
3 Munich Image Data Analysis System, provided by the European
Southern Observatory (ESO).
study, incorporates several additions, in particular, it provides
estimates of uncertainties in emission-line fluxes and EWs.
The pipeline consists of three main modules: The first one
(m.1) performs a data quality assessment and initial statistics,
and extracts from the flux-calibrated CALIFA IFS data cubes in-
dividual spectra, which in turn are transformed into a format suit-
able for fitting with STARLIGHT. Module m.2 is intended to the
extraction of emission lines, after subtraction of the best-fitting
stellar fit, and the determination of emission-line fluxes and kine-
matics. It also computes various secondary quantities from the
STARLIGHT models (e.g., luminosity- and mass-weighted stellar
age and metallicity, the luminosity fraction of stars younger than
5 Gyr, and others). The third module, m.3, determines the Balmer
line luminosities implied by the Lyc output from the best-fitting
population vector. The predicted Hα luminosity is in turn com-
pared with the observed one in order to assess via the τ ratio
(K12,P13) the consistency of the results with the pAGB pho-
toionization hypothesis.
Each ETG has been processed with PORTO3D twice, based
on two different libraries of Simple Stellar Population (SSP)
models that were used for spectral modeling with STARLIGHT.
The emission-line maps produced by these two runs were in turn
combined by a decision-tree routine, which permits check of the
soundness and subsequent error-weighted averaging of values
spaxel-by-spaxel. PORTO3D is supplemented by a routine for
computation of radial profiles of various quantities of interest
(e.g., emission-line intensities and EWs, τ and BPT ratios). This
add-on module is essentially an adaptation of the isophotal an-
nuli surface photometry technique iv by (Papaderos et al., 2002,
hereafter P02).
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Table 1. General properties of the sample ETGs.
Name Morph. T α(J2000) δ(J2000) D mr rp fHα LHα M?(e/p) 〈τ〉 SC KC
(1) (2) (3) (4) (5) (6) (7) (8) (9) (10) (11) (12) (13) (14)
UGC 5771 S0/a i 10:37:19.33 +43:35:15.31 106.4 13.23 7.3 251 34.0 11.560/11.398 0.69 L r‖r
NGC 4003 SB0 i 11:57:59.03 +23:07:29.63 96.6 13.21 9.6 455 50.8 11.378/11.218 0.57 C r‖p
UGC 8234 S0/a i 13:08:46.50 +62:16:18.10 116.1 12.82 5.2 99 15.9 11.270/11.131 1.09 L r‖n
NGC 5966 E i 15:35:52.10 +39:46:08.05 69.0 12.52 9.4 206 117.2 11.311/11.155 1.26 L r‖o
UGC 10205 Sa i 16:06:40.18 +30:05:56.65 97.6 13.16 12.2 561 63.9 11.375/11.221 0.20 C/L r‖p
NGC 6081 S0 i 16:12:56.85 +09:52:01.57 79.6 12.86 8.2 249 18.9 11.493/11.331 1.07 L r‖p
NGC 6146 E? i 16:25:10.32 +40:53:34.31 127.4 12.49 7.2 180 34.9 11.880/11.720 1.86 L r‖p
UGC 10695 E i 17:05:05.57 +43:02:35.35 120.1 13.19 10.7 274 47.3 11.493/11.335 0.90 L(S3) n+o
UGC 10905 S0/a i 17:34:06.43 +25:20:38.29 114.1 13.03 7.1 217 33.8 11.641/11.487 0.98 L r‖p
NGC 6762 S0/a i 19:05:37.09 +63:56:02.79 44.9 13.19 5.8 236 56.7 11.678/11.524 0.77 L r‖r
NGC 7025 Sa i 21:07:47.33 +16:20:09.22 70.7 12.20 9.2 604 36.1 11.655/11.496 1.67 L r‖p
NGC 1167 SA0 i+ 03:01:42.33 +35:12:20.21 66.2 12.19 13.6 827 43.3 11.572/11.410 0.87 L(S3)•1 r‖p
NGC 1349 S0 i+ 03:31:27.51 +04:22:51.24 87.7 13.09 11.7 467 42.9 11.341/11.183 0.89 L r‖p
NGC 3106 S0 i+ 10:04:05.25 +31:11:07.65 90.1 12.69 11.0 651 63.0 11.474/11.314 0.60 L r‖p
UGC 29 E ii 00:04:33.74 +28:18:06.20 118.5 13.44 8.9 33 5.6 11.362/11.203 4.98 L n+n
NGC 2918 E ii 09:35:44.04 +31:42:19.67 98.1 12.56 8.3 60 6.9 11.501/10.340 4.87 L r‖n
NGC 3300 SAB(r)0 ii 10:36:38.44 +14:10:15.97 48.0 12.45 10.9 39 1.1 11.012/10.858 19.8 L r‖n
NGC 3615 E ii 11:18:06.65 +23:23:50.36 98.3 12.50 6.9 35 4.0 11.690/11.523 10.8 L r‖n
NGC 4816 S0 ii 12:56:12.14 +27:44:43.71 102.6 12.91 12.7 35 4.4 11.530/11.367 18.6 L p‖n
NGC 6125 E ii 16:19:11.53 +57:59:02.89 72.2 12.13 9.1 52 3.2 11.600/11.437 23.4 L p+n
NGC 6150 E? ii 16:25:49.96 +40:29:19.41 126.0 13.12 7.6 20 3.8 11.660/11.496 10.9 L•2 r‖n
NGC 6173 E ii 16:29:44.87 +40:48:41.96 126.9 12.33 11.0 45 8.6 12.161/11.999 15.6 L r∦n
UGC 10693 E ii 17:04:53.01 +41:51:55.76 120.5 12.70 9.3 34 5.9 11.731/11.572 11.7 L p‖n
NGC 6338 S0 ii 17:15:22.97 +57:24:40.28 117.5 12.56 11.3 178 29.4 11.870/11.707 2.21 L r∦n
NGC 6411 E ii 17:35:32.84 +60:48:48.26 57.6 12.09 11.3 97 3.9 11.363/11.203 8.62 C/L p‖p
NGC 6427 S0 ii 17:43:38.59 +25:29:38.18 51.3 12.71 4.9 68 2.1 11.141/10.985 7.60 L r‖n
NGC 6515 E ii 17:57:25.19 +50:43:41.24 99.0 12.87 9.2 87 10.2 11.474/11.316 2.46 L/S n+n
NGC 7194 E ii 22:03:30.93 +12:38:12.41 110.7 12.87 6.6 30 4.4 11.698/11.536 12.9 L r‖n
NGC 7236 SA0 ii 22:14:44.98 +13:50:47.46 108.2 13.72 3.4 35 5.0 11.565/11.403 8.16 L r∦n
UGC 11958 SA0 ii 22:14:46.88 +13:50:27.13 108.3 13.35 14.2 153 21.4 11.776/11.612 2.67 L•3 n+n
NGC 7436B E ii 22:57:57.54 +26:09:00.01 100.6 12.80 10.0 94 11.4 11.867/11.708 6.87 L r‖n
NGC 7550 SA0 ii 23:15:16.07 +18:57:41.22 69.2 12.29 11.6 267 15.3 11.555/11.394 3.02 L n+r
IC 540 S – 09:30:10.33 +07:54:09.90 31.9 13.61 8.9 401 4.9 10.152/10.004 0.36 S r‖p
UGC 8778 S? – 13:52:06.66 +38:04:01.27 52.6 13.56 9.6 590 19.6 10.590/10.439 0.31 C/L r‖r
IC 944 Sa – 13:51:30.86 +14:05:31.95 104.8 12.89 10.6 530 70 11.556/10.439 0.58 C/L r‖p
IC 1683 S? – 01:22:38.92 +34:26:13.65 65.4 13.47 9.2 1703 87 10.924/10.772 0.18 H r‖p
NGC 4470 Sa? – 12:29:37.77 +07:49:27.12 38.4 12.57 13.3 8372 147 10.231/10.108 0.03 H r‖r
? Col. 1: Galaxy name.
? Col. 2: Morphological classification adopted from NASA/IPAC Extragalactic Database (NED).
? Col. 3: Classification according to our study in P13, based on the mean τ ratio (Col. 12) for the extranuclear component (type i, i+ and ii).
? Col. 4: Right ascension.
? Col. 5: Declination.
? Col. 6: Distance in Mpc adopted from NED.
? Col. 7: Apparent r total magnitude from SDSS DR7.
? Col. 8: Petrosian_50 radius in arcsec in the SDSS r band.
? Col. 9: Integral Hα flux in units of 10−16 erg s−1 cm−2, derived from CALIFA IFS data.
? Col. 10: Integral Hα luminosity in units of 1039 erg s−1.
? Col. 11: Logarithm of the ever formed and present stellar mass in M, as obtained from spectral modeling with STARLIGHT.
? Col. 12: Mean τ ratio (from P13 in the case of ETGs).
? Col. 13: Spectroscopic classification based on the emission-line ratios (panels i&j of Figs. 1, C.1–C.31 and D.1–D.5) of the nuclear (R?≤3.′′8)
CALIFA spectrum. The notation is as follows: H: HII/star-forming, C: composite (cf description of panels i&j of Fig. 1), L: LINER, S: Seyfert.
Whenever available, the spectroscopic classification from NED is included within brackets, and the index following the • symbol points to
additional information available at NED on the morphology of the radio continuum: (1) Radio jet, (2) Narrow-angle tail radio source, (3) FR I
source.
?Col. 14: Tentative 3-character kinematical classification: r: rotation-dominated kinematics, p: perturbed rotational pattern, o: gas outflow, and n:
no distinguishable pattern or pressure-supported stellar kinematics. The first and third character refer, respectively, to the kinematics of stars and
gas, and the second one indicates in the case of stellar rotation (r or p) whether the kinematic and photometric major axes are roughly aligned (‖)
or not (∦). The + symbol marks ETGs where stellar rotation is not detected (n) or having a nearly circular-symmetric morphology, thus uncertain
photometric major axis.
Note that the galaxies NGC 7025, NGC 7236 and NGC 7436B are overlapping over a substantial fraction of their area with extended fore-




Figure 1 shows a representative example of the information ex-
tracted and used in the discussion of our ETG sample. This figure
along with the results obtained for the remaining sample galaxies
(Figs. C.1–C.31; Appendix C) illustrate the considerable diver-
sity of local ETGs with respect to morphology, kinematics and
physical properties of their warm interstellar medium. The 2D
maps (panels a–f & n) cover an area of 78′′×72′′ and are displayed
in astronomical orientation (north is up and east to the left).
Panel a: Logarithmic representation of the emission-line free
stellar continuum flux (in units of 10−16 erg s−1 cm−2) in the
spectral range between 6390 Å and 6490 Å. The cross (in panels
a–f and n) marks the maximum intensity of the stellar emission,
the morphology of which is further delineated by the overlaid
contours at 32, 10, 3, 2.3 and 1.3% of the peak intensity. The
linear scale in kpc labeling the 20′′horizontal bar to the upper-
right has been computed from the adopted distance to the source
(Col. 6 in Table 1). Regions being contaminated by probable
foreground or background sources, therefore excluded from the
analysis, are left blank.
Panel b: Hα flux map in units of 10−16 erg s−1 cm−2.
Panel c: EW(Hα) map in Å.
Panel d: Stellar velocity field after correction for systemic
velocity, as derived from STARLIGHT fits to individual spax-
els. The right-hand side vertical bar indicates the dynamical
range of the image in km s−1, and the red circle centered on
the linear scale bar illustrates the effective angular resolution
(FWHM≈3.′′8 for data cubes processed with version 1.3c of the
CALIFA data reduction pipeline) of our IFS data. The blue lines
show the photometric minor axis.
Panel e: Ionized gas velocity field, as obtained by averaging
the Hα and [NII]λ6584 velocity maps.
Panel f: Subdivision of the EW(Hα) map into three intervals,
meant to help the eye to distinguish between regions where the
observed EW(Hα) is consistent with pure pAGB photoioniza-
tion (0.5–2.4 Å; light blue), an additional gas excitation source
is needed to account for the observed EW(Hα) (>2.4 Å; orange),
and where the EW(Hα) is lower than that predicted from pAGB
photoionization models (≤0.5 Å; dark blue; cf Sect. A), thus Lyc
photon escape is likely important. The fraction in % of the spec-
troscopically studied area where the observed EW(Hα) implies
Lyc leakage, is consistent with pure pAGB photoionization, or
an extra ionization source is required is indicated in the upper-
right of this panel. Note that the adopted lower bound of 0.5 Å
(≡EW−?) corresponds to the EW(Hα) expected for an instanta-
neous burst with an age of ∼1 Gyr (cf evolutionary synthesis
models in Sect. A), i.e. it is rather representative of ETGs hav-
ing undergone significant recent stellar mass growth. Since the
EW(Hα) expected for a typical ETG (age ≥5 Gyr) is ≥1 Å, the
condition EW(Hα)≥0.5 Å is rather a generous minimum require-
ment for the validity of the pAGB photoionization hypothesis,
provided that Lyc escape is negligible. Panels g&h: Hα inten-
sity, normalized to its peak value, and EW(Hα) as a function
of the photometric radius R? (′′). Determinations based on sin-
gle spaxels (sisp) within the nuclear region, defined as twice the
angular resolution of the IFS data (i.e. for R?≤3.′′8) and in the
extranuclear component are shown with red and blue circles, re-
spectively. Open squares (green color) correspond to the average
of individual sisp determinations within isophotal annuli (isan; cf
Sect. B.4) with vertical bars illustrating the ±1σ scatter of data
points. The light-shaded area illustrates the EW(Hα) range that
can be accounted for by pAGB photoionization for ages between
∼0.1 Gyr and ∼13 Gyr for the full range in metallicity covered
by SSP models from Bruzual & Charlot (2003, hereafter BC03).
This range includes a brief minimum (0.1–0.8 Å) at the onset
of the pAGB phase and an upper range of 3.4 Å for a super-
solar metallicity of 2.5 Z (0.1–3.4 Å; cf Fig. A.1 in this paper
and Fig. 2 in Cid Fernandes et al. (2011)). However, for reason-
able assumptions on the age (1–12 Gyr) and metallicity (∼Z) of
stellar populations in ETGs (Sect. A for details), the range of ex-
pected EW(Hα)’s can be narrowed down to within EW−?=0.5 Å
and EW+?=2.4 Å (dark-gray strip) with a typical value around 1 Å
(≡〈EW?〉) in the age interval between ∼6 Gyr and ∼11 Gyr.
Panels i&j: sisp determinations for the BPT-VO di-
agrams on the log([N II]6584/Hα) vs log([O III]5007/Hβ)
and log(Σ[SII]6717,6731/Hα) vs log([O III]5007/Hβ) diagnostic
emission-line ratios planes. The meaning of symbols is identical
to those in panels g–h. The loci on the BPT diagrams that are
characteristic of AGN and LINERs, and that corresponding
to photoionization by young massive stars in HII regions are
indicated, with demarcation lines from Kauffmann et al. (2003,
dotted curve), Kewley et al. (2001, solid curve) and Schawinski
et al. (2007, dashed line). For the sake of comparison, the grid
of thin-gray lines roughly at the middle of each diagram depicts
the parameter space that can be accounted for by pure shock
excitation, as predicted by Allen et al. (2008) for a magnetic
field of 1 µG, and a range of shock velocities between 100 and
1000 km s−1, for gas densities between 0.1 and 100 cm−3.
Panels k&l: log([O III]5007/Hβ) and log([N II]6584/Hα) ratio as
a function of R?, as inferred from sisp and isan determinations.
The shaded horizontal area depicts the mean ratios for our sam-
ple (cf P13) of 0.37±0.13 for log([O III]/Hβ) and 0.34±0.26 for
log([N II]/Hα), with a standard deviation about the mean σN of
0.02 and 0.05, respectively.
Panel m: τ ratio radial distribution, without and after cor-
rection for intrinsic stellar extinction (vertical lines connecting
symbols at equal R?). The locus in this diagram where the Lyc
output from the pAGB component precisely accounts for the ob-
served Hα luminosity is depicted by the thick horizontal line at
log(τ)=0, and the dashed line at log(τ)=0.3 marks the boundary
between pAGB photoionization and Lyc escape (cf P13).
Panel n: Luminosity contribution (L5 Gyr[%]) of stellar pop-
ulations younger than 5 Gyr at 5150 Å (normalization λ).
In the Appendix D we additionally include five intermediate-
to-late type CALIFA galaxies that were processed with
PORTO3D in the same manner as ETGs, except for using only
BC03 SSPs for spectral fitting. All but one of these systems are
classifiable by the BPT ratios in their central part and/or extranu-
clear component as composite or SF-dominated (C and H, re-
spectively, in the notation of Table 1; col. 13). These non-ETG
galaxies (not further discussed here) are only meant to illustrate
how several quantities of interest, and their uncertainties, vary
from almost wim-devoid type ii ETGs towards SF-dominated
late-type galaxies with an EW(Hα) several times larger than
EW+?. For example, it is interesting to note how the fractional
area in which extra (non-pAGB) photoionization needs be postu-
lated (yellow regions in panel f) strikingly increases from ETGs
towards “later” galaxy types, reaching in the case of NGC 4470
∼90% of the total spectroscopically studied area. This trend is
accompanied by a predominance of stars younger than 5 Gyr to
the optical luminosity (panel n). Noteworthy is also the reduc-
tion of the mean radial log([O III]/Hβ) and log([N II]/Hα) ratios
– both now offset by >∼–0.5 dex relative to the LINER-typical
ratios of ETGs – placing NGC 4470 throughout its extent into
the ‘composite/SF’ regime of the BPT plane.
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Fig. 1. NGC 1167: 2D maps (panels a-f and n), radial intensity and EW of Hα (panels g and h), BPT diagrams (panels i and j), radial distribution




5.1. 2D properties of gas and stars in the sample ETGs
The L5 Gyr maps (Figs. 1n–C.31n) echo the well established
fact that ETGs are dominated by an evolved stellar component
throughout their optical extent. Even though there is a trend for
an increasing luminosity contribution from stars younger than
5 Gyr towards the galaxy periphery, in agreement with the con-
clusions by, e.g., González Delgado et al. (2014a), panels n re-
veal, just like the inwardly increasing mass-weighted stellar age
〈t?〉M (cf Fig. B.3), that the bulk of the stellar component in
ETGs has formed several Gyr ago.
Another insight from the Hα and EW(Hα) maps (panels
b&c) is the presence of a diffuse, low-surface brightness wim
component over virtually the entire optical extent of our sample
ETGs. Its co-spatiality with the evolved underlying background
is consistent with the notion that the diffuse ionizing field from
the latter is an important driver of extranuclear wim emission.
Following our pilot study in K12, this issue was addressed in
more detail and on the basis of the robust statistics from this
sample in P13, where we concluded that, in about 40% of ETGs
(type i), the properties of the extranuclear wim are indeed com-
patible with the pAGB photoionization hypothesis. The main
lines of arguing in those studies were based on a combined anal-
ysis of the EW(Hα) and the τ ratio.
Regarding the first quantity, one can read off Fig. A.1 that the
photoionization by pAGB stars can reproduce the narrow range
of EWs between EW−? (0.5 Å) and EW+? (∼2.4 Å). This range
can be further limited to '1 Å (≡〈EW?〉) when taking into ac-
count the typical 〈t?〉M (7 – 11 Gyr) of ETGs, and making the
reasonable assumption of a nearly-solar metallicity (see discus-
sion in Sect. A). Obviously, the condition EW−?≤EW(Hα)≤EW+?
ensures compliance of observations with predictions for pure
pAGB models.
In passing we note that we do not invoke the presence or
absence of LINER characteristics as an argument for or against
pAGB photoionization, since it is known that they can be due to
a variety of mechanisms, including shocks and starburst-driven
outflows (see, e.g., Sharp & Bland-Hawthorn, 2010, for a recent
observational review). For example, the biconical wim compo-
nent protruding several kpc away from the nucleus of NGC 5966
in NE-SW direction (Fig. C.4; see K12 for a detailed discus-
sion) shows throughout LINER-typical emission-line ratios and
an EW(Hα) that is compatible with pure pAGB photoionization.
Notwithstanding this fact, the morphology of this kinematically
decoupled wim component is suggestive of large-scale shock ex-
citation associated to gas outflow. The absence of ongoing SF
throughout this ETG lends support to the idea that its gas out-
flow is powered by an AGN hosted in its LINER nucleus.
As for the τ ratio, a radial constancy around unity would
ensure that pAGB stars are capable of supplying the ionizing
photon budget that is necessary for sustaining the observed Hα
emission without need for any additional excitation source. The
latter case would correspond to τ < 1, whereas a τ > 1 implies
the escape of a fraction plf=1-τ−1 of the Lyman continuum ra-
diation produced by the pAGB component (Sect. 1). As argued
in Cid Fernandes et al. (2011) a relation between the EW(Hα)
and τ−1 is to be expected, and it was found indeed from an anal-
ysis of Sloan Digital Sky Survey (SDSS) data (see their Fig. 5).
Likewise, a tight anticorrelation between τ and EW(Hα) over
nearly 3 dex, with the pAGB “equilibrium” line of τ ' 1 corre-
sponding to EW(Hα)'1 Å (≡〈EW?〉) was documented from the
analysis of CALIFA IFS data in P13 (see their Fig. 2a).
One may superficially argue that EW(Hα) and τ reflect es-
sentially one and the same quantity, they therefore can be used
interchangeably in assessing the validity of pAGB photoioniza-
tion hypothesis. However, an appreciation of the a) geometry-
dependent line-of-sight dilution effect of nuclear EWs in triaxial
stellar systems and b) the large Lyc escape fraction in the ma-
jority of ETGs (see discussion in P13) call this simplistic view
into question. For example, a consequence of the geometric di-
lution is that a radially constant EW(Hα) in the range between
EW−? and EW+? can only be regarded as a proof for the validity of
the pAGB photoionization hypothesis in the specific case of an
oblate stellar system seen nearly face-on, or when in a triaxial
stellar system the line-emitting wim is uniformly mixed with the
EW-diluting stellar background. Whenever the wim occupies a
smaller volume than the stars, the intrinsic EW(Hα) within a vol-
ume element is greater than the observed (projected) value. This
cautionary note is essential for a proper evaluation of panels f
where regions satisfying the condition EW−?≤EW(Hα)≤EW+? are
depicted in open-blue color: pAGB photoionization can be re-
garded as the dominant gas excitation source in these regions
only as long as the wim is co-spatial with the stars and Lyc
escape is throughout negligible. Would any of these (far from
self-evident) assumptions be invalid, then an additional excita-
tion source (e.g., AGN or diffuse SF) would need to be postu-
lated. In fact, comparison of panels b & c shows the importance
of the line-of-sight EW dilution effect in several of our sample
galaxies. NGC 5966 offers again an illustrative example: The
biconical Hα emission in this system has its maximum at the
peak of the stellar surface density (panel b), whereas the oppo-
site is the case for the EW(Hα) (panel c). Note that a spatial
anti-correlation between emission-line fluxes and EWs has been
documented and discussed also in other triaxial systems, such as
blue compact dwarf galaxies (see, e.g., Papaderos et al., 2002).
In P13 we showed that, judging from their EW(Hα) and τ
profiles in their extranuclear zones (R?≥4 ′′; blue dots in panels
g–m), ETGs span a broad, continuous sequence that can be ten-
tatively grouped in two main classes, based on radial EW(Hα)
profiles (see schematic representation in Fig. 2). Type i ETGs
(14 galaxies) are characterized by a nearly constant EW(Hα) of
>∼1 Å out to their periphery, with the exception of a few systems
where the EW shows a steep outer increase to EW(Hα)EW+?.
Such systems, to which Gomes et al. (2015a) assign the nota-
tion i+, are subject of a recent parallel CALIFA study (Gomes
et al., 2015b), which reveals that the EW excess is due to low-
level star-forming activity in faint embedded spiral-like features.
Type ii ETGs (18 galaxies), on the other hand, display very low
(≤0.5 Å) EWs in their cores and typically positive EW gradients,
approaching an EW(Hα)'〈EW?〉 only in their outermost periph-
ery (R?>∼2 rp).
5.2. Nebular emission in type i ETGs
With regard to most type i ETGs in our sample, our results are
consistent with (yet, recalling our cautionary notes in the previ-
ous section, no proof for) the hypothesis that the diffuse ioniz-
ing photon field from the pAGB component is the main driver
of extranuclear wim emission. Panels h in Fig. 1 and Figs. C.1-
C.31 show that most isan determinations for type i ETGs sat-
isfy the condition EW−?≤EW(Hα)≤EW+? (shaded area in panels
f), with most data points populating the EW strip around 〈EW?〉.
Consistently with this trend, most type i ETGs show a τ ' 1,
with all data points located beneath τ = 2 (dashed horizontal
line in panels m).
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Fig. 2. Schematic representation of the two main classes of
ETGs, as defined in P13. The EW(Hα) profiles of type i ETGs
(blue color), such as, e.g., NGC 1167, show in their extranuclear
component (beyond the radius range depicted by the vertical
shaded area; typically ∼2 kpc in our sample) nearly constant val-
ues within the narrow range between EW−? and EW+? (green-color
horizontal strip), with a mean value of typically ∼1 Å. A few of
these systems (labeled i+, blue-dashed curve; e.g., NGC 1349)
additionally show a steep EW(Hα) increase above EW+? in their
periphery (>1 effective radius), which, as we discuss in Gomes
et al. (2015a); Gomes et al. (2015b) (see also Sect. 5.2), is ow-
ing to low-level star-forming activity. By contrast, type ii ETGs
(red curve) show a centrally very low (≤0.5 Å) mean EW(Hα),
increasing then smoothly to >∼EW−? at their periphery (e.g., NGC
6411). Regarding their nuclear properties, both ETG types dis-
play a considerable diversity, from systems with virtually wim-
evacuated cores (<0.5 Å) to galaxies hosting a compact central
core with an EW(Hα) of a few EW+?. The profiles in light-blue
and light-red color are added to illustrate the spread in the nu-
clear EW(Hα)’s of our sample ETGs.
Regarding the subclass of type i+ ETGs, two of them are
morphologically classified as S0 (NGC 1349 and NGC 3106),
the third one as SA0 (NGC 1167). As shown in Gomes et al.
(2015b), the outer EW-enhanced zone of these systems (panel
c) is due to photoionization by young stars over a fraction be-
tween ∼7% and ∼47% of the galaxy area. Note that on the radial
BPT ratio profiles (i.e. the isan-based [O III ]/Hβ and [N II]/Hα
determinations in panels k&l) the outer star-forming zone of
type i+ ETGs is clearly separable from the LINER-typical aver-
age for ETGs (gray strip) only when producing significant neb-
ular emission (≥6 Å; NGC 1349 and NGC 3106; Figs. C.12 and
Figs. C.13, respectively), yet marginally traceable in the case
of NGC 1167 (Fig. 1) where the EW(Hα) (∼3–4.5 Å) is just
above EW+?. As discussed in Gomes et al. (2015b), the spec-
troscopic BPT classification of type i+ ETGs is strongly de-
pendent on the spectroscopic aperture used (or, equivalently, on
the redshift of such a source). The presence of SF activity in
the periphery of the three type i+ ETGs in our sample was no-
ticed in previous studies of the CALIFA collaboration (Sánchez,
2014a), even though no explicit discussion was given to this sub-
ject due to their specific scope. For example, the analysis under-
lying the aforementioned studies has established that the outer
Hα rim in NGC 1349 is composed of several genuine HII re-
gions, that is clumpy Hα entities containing a young ionizing
stellar component with a luminosity fraction ≥20% and showing
an EW(Hα)≥6 Å (see, e.g., Sánchez et al., 2014b).
Besides the three ETGs classified type i+, our sample con-
tains a few further systems witnessing the potentially relevant
role of SF over an extended radial zone or even galactic scale.
In fact, the interpretation of pAGB photoionization dominating
at all radii is challenged by singular or contiguous EW enhance-
ments above 〈EW?〉 in the extranuclear part of several ETGs.
One such example is the S0 galaxy NGC 6081 (Fig. C.6c). This
type i ETG shows LINER characteristics in its nucleus and in-
termediate zones (R?<∼10′′) notwithstanding a contiguous weak
(EW(Hα)<∼2.5 Å) SF rim all over its southwestern half. Still,
isan determinations for the EW(Hα) and τ are consistent with
a dominant contribution from pAGB photoionization, in agree-
ment with Fig. C.6f which indicates that sources other than
pAGB stars dominate in less 7% of the area of the galaxy. Weak
embedded SF patterns are also visible in three intermediate-
morphology galaxies, NGC 7025 (Fig. C.11b&c), UGC 10205
(Fig. C.5b&c) and NGC 4003 (Fig. C.2b&c). In particular, Hα
and EW(Hα) maps for NGC 7025 reveal a complex, low-level
SF network with an EW(Hα)>EW+?, surrounding an extended
(R?∼10′′) LINER/AGN core. LINER characteristics are also ap-
parent in the intermediate zone of NGC 4003, whereas the nu-
clear region and the periphery of this ETG are dominated by SF.
This case also illustrates how the area considered in the spec-
troscopic analysis can influence the spectroscopic classification,
hence the relative role ascribed to different gas excitation mech-
anisms: sisp (i.e. higher-S/N) data capture only the intermedi-
ate LINER zone surrounding the SF nucleus, whereas the SF-
dominated low-surface brightness periphery of the galaxy be-
comes apparent on log([O III]/Hβ) and log([N II]/Hα) profiles
only through isan determinations including lower-S/N spaxels.
As for the nuclear properties of type i ETGs, all except for
NGC 4003 and UGC 10205 fall, according to our classifica-
tion in Table 1 into the LINER locus of BPT diagrams, just
like our ETG sample as a whole. Note that sisp determinations
on the log([N II]/Hα) vs log([O III]/Hβ) and log(Σ[SII]/Hα) vs
log([O III]/Hβ) diagrams (panels i&j) place the nuclei and inter-
mediate zones close to the junction between the curves which
demarcate the regions of ‘maximum SF’ and ‘AGN excitation’.
Our study also shows that type i ETGs span a wide range in
the EW(Hα) and spatial extent of their nuclear emission. A few
of them show prominent nuclear wim components over ∼6′′-10′′
(e.g., NGC 1167, NGC 5966, UGC 5771, NGC 6146) with a
peak EW of up to ∼8 Å, whereas in others the nuclear nebu-
lar emission is rather compact (∼FWHM) and faint (∼〈EW?〉).
One example of extended nuclear emission over scales of ∼4
kpc is seen in NGC 1167. Besides the biconical wim protruding
out to ∼10 kpc from the nucleus of NGC 5966 in a direction
perpendicular to the major axis, bipolar or unipolar wim lobes
on kpc-scales from the nucleus are detected in UGC 10695 and
NGC 6146. A robust spectroscopic and kinematical analysis of
these extended, faint (EW(Hα)<∼〈EW?〉) features is barely possi-
ble with the available CALIFA V500 data due to their low spec-
tral and spatial resolution (FWHM≥1 kpc at their distance of the
four ETGs), and medium S/N. However, the absence of appre-
ciable star formation in these ETG nuclei renders the interpre-
tation of the detected wimlobes as AGN-driven outflows plausi-
ble, making them targets of considerable interest for follow-up
studies exploring direct evidence for accretion-powered nuclear
activity in LINER nuclei. Spatially resolved IFS studies of high-
excitation (i.e. AGN-specific) emission lines in the nuclear and
circumnuclear region of these candidate AGN (following the ap-
proach by Müller-Sánchez et al., 2011), and supplemented by
kinematical modeling of biconical gas outflows possibly ema-
nating from their narrow-line regions (e.g., Fischer et al., 2013)
could provide key insights in this respect.
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5.3. The deficit of nebular emission in type ii ETGs
The nature of type ii ETGs – systems commonly referred to as
‘ETGs without nebular emission’ – is enigmatic. These galaxies
make about 60% (18 of 32) of our sample and are classified on
the condition 〈τ〉 ≥ 2 in their extranuclear component (cf P13).
Nebular emission in these systems is only detectable after accu-
rate fitting and subtraction of the local underlying stellar SED,
which clearly is a demanding task, given its extreme faintness.
This is particularly true for the virtually wim-evacuated cores of
these ETGs, where the EW(Hα) has its minimum, rising then
gradually to levels >∼EW−? up to 〈EW?〉 in the outermost galaxy
periphery (∼2rp). These positive EW(Hα) gradients, as distinc-
tive feature of type ii ETGs, were interpreted by P13 as mani-
festation of the radius-dependent structure and physical condi-
tions of the gas in these systems (volume filling factor, porosity
and 3D distribution; electron density and ionization parameter).
Panels f show that the low EW(Hα) within typically more than
80% of the spectroscopically studied area of type ii ETGs is in-
compatible with pAGB photoionization, if case B recombination
for standard gas conditions (ne = 100 cm−3, Te=104 K) is as-
sumed, a fact underscoring our previous conclusion in P13 that
most of the ionizing photons generated by the pAGB component
escape without being reprocessed into nebular emission. As a
comparison, on average 65% of the area of a type i ETG is con-
sistent with the hypothesis that their gas is being photoionized
by pAGB stars.
Diagnostic emission-line ratios and their radial distribution
in type ii ETGs have to be considered in the light of their
large uncertainties, even after averaging of sisp determinations
within morphology-adapted irregular annuli (isan). Albeit a scat-
ter of typically 0.3 dex for isan data, one can consistently infer
from panels i&j that type ii ETGs are in practice indistinguish-
able from type i ETGs by their nearly radially constant LINER-
typical BPT ratios.
As for their nuclear properties, type ii ETGs also feature a
considerable heterogeneity: From panels b&c it can be seen that
in some of these systems a compact yet extended (>∼3·PSF) nu-
clear Hα excess is robustly detected, as, for example, in NGC
2918, NGC 6150, NGC 6173, NGC 6515, NGC 7550 and, more
impressively, in UGC 11958 and NGC 6338. In the majority of
type ii ETGs, however, nebular traces of nuclear activity are al-
most absent, with an EW(Hα) marginally above that of the dif-
fuse wim and at the edge of the detectability (0.1–0.3 Å).
With regard to their peripheral zones, whereas individual sisp
data points are generally subject to prohibitively large relative
uncertainties (above 100% at EWs<0.3 Å), the averaging of hun-
dreds of such determinations within isan shows the presence of a
faint substrate of wim with an EW(Hα)>∼EW−?. This is augmented
by determinations of emission-line fluxes based on azimuthally
binned isan segments (Fig. B.5) or the collapsed spectrum within
each isan, after correction of local stellar motions (Fig. B.6). It
should be noted, on the other hand, that the angular resolution
of our data and the faintness of the wim does not allow us to
determine whether part of the nebular emission originates from
higher-density HII-region clumps within a more tenuous wim
component.
5.3.1. Accretion-powered nuclear activity in ETG/LINERs
Whether or not LINER nuclei in ETGs harbor an AGN is sub-
ject of an intense longstanding controversy, with antipodal con-
clusions reached, including the radical rejection of the hypothe-
sis of accretion-powered nuclear activity in favor of pure pAGB
photoionization (cf Introduction). However, a first reservation
towards the latter statement comes from the established rela-
tion between the velocity dispersion of galaxy spheroids and the
mass of their super-massive black hole (SMBH) (see Merritt &
Ferrarese, 2001, for a review), which is estimated to range be-
tween a few 107 M and up to ∼1010 M. If so, a minimum
amount of gas would in principal suffice for sustaining accretion-
powered nuclear activity, perhaps in form of a ‘weak’, radia-
tively inefficient LLAGN. As this study shows, diffuse wim is
present, even in type ii ETGs, leaving space for the AGN hy-
pothesis. Indirect observational support to the latter comes from
the bi-conical/unipolar wim lobes in three type i ETGs of our
sample (Sect. 5.2), which are consistent with AGN-driven gas
outflows. Additionally, in one type i ETG (NGC 1167) the pres-
ence of an AGN is indicated by a radio jet (e.g., Sanghera et al.,
1995; Giovannini et al., 2001). Also, among type ii ETGs, radio-
continuum data for NGC 6150 and UGC 11958 (cf Table 1) wit-
ness the energy release by an AGN. For example, the line-weak
(EW(Hα)∼3.5 Å) LINER nucleus of UGC 11958 powers a >∼100
kpc double-lobe radio continuum halo detected at 1.4 GHz with
the VLA (Comins & Owen, 1991) with a large (∼40 kpc) central
cavity of hot (∼1 keV), pressure-driven X-ray emitting plasma
(Worrall et al., 2007), clearly indicating the energetic action by
an AGN.
How to reconcile the weakness of optical emission lines in
ETG/LINERs with signatures of strong accretion-powered nu-
clear activity in radio- and X-ray wavelengths poses an enigma.
As first pointed out in P13, the seemingly trivial fact that more
than one half of ETGs lacks nebular emission as a result of
an insufficient mean gas density and/or high gas porosity has
far-reaching consequences for our understanding of accretion-
powered nuclear activity in these systems: In the presence of ex-
tensive Lyc photon escape, implied by the lack of gas, emission-
line luminosities and EWs, upon which estimates of accretion
rates and SMBH masses rely, are reduced by more than an order
of magnitude. An additional effect acting towards diminishing
nuclear EWs (or any photometric signs of nuclear activity) in
these triaxial stellar systems is dilution by the stellar background
along the line of sight (P13). According to our study in P13, the
line weakness of ETG/LINER nuclei is therefore no foolproof
evidence for the weakness or absence of AGN in these systems.
In the light of this conclusion and from the evidence presented
in Sects. 5.2&5.3, it is therefore conceivable that different gas
excitation mechanisms (photoionization by AGN, OB stars and
pAGB sources; shocks) – each of them with a different rela-
tive contribution in different radial zones – are simultaneously
at work. An exploration of this issue with deep, higher-spectral
resolution IFS data is apparently of great interest.
5.4. Stellar and gas kinematics in ETGs
A detailed study of stellar and gas kinematics in the CALIFA
galaxy survey is subject of several ongoing investigations
within the CALIFA collaboration (García-Lorenzo et al., 2015;
Sánchez-Blázquez et al., 2014, Falcón-Barroso et al., in prep.),
which use higher-resolution (V1200; FWHM∼2.3Å) IFS data
and to which the reader is referred for detailed information. The
brief remarks below are merely meant to further highlight the
kinematical diversity of our sample ETGs.
As already revealed by several studies before, most notably
in the the SAURON and Atlas3D projects (cf, e.g., Sarzi et al.,
2006, 2010), ETGs display a variety in their stellar kinemat-
ics patterns, from regular rotation along the semi-major axis to
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nearly pressure-supported galaxies with subtle, if any, signs of
ordered motions.
Panels d&e of Fig. 1–C.31 show that in most (27) of the
ETGs studied here stellar kinematics are dominated by rota-
tion. The velocity difference ∆v?=(va + vr)/2 between the re-
ceding (vr) and approaching (va) part of these systems is typ-
ically of the order of 200 km s−1. Interestingly, weak rotation
at 60 km s−1<∼∆v?<∼ 110 km s−1 along the minor galaxy axis is
clearly detected in three type ii ETGs (NGC 6173, NGC 6338
and NGC 7236). Five galaxies (UGC 10695, NGC 6515, UGC
11958, NGC 7550 and UGC 29) appear to be dominated by ran-
dom motions. Note, however, that the low spectral resolution
and medium S/N of our CALIFA V500 IFS data, do not per-
mit to firmly rule out some degree of rotation in these systems.
Higher-spectral resolution CALIFA data (Falcón-Barroso et al.,
in prep.) enabling a detailed study of stellar line-of-sight veloc-
ity patterns and possible kinematical distortions (e.g., counter-
rotating cores) over the full set of CALIFA ETGs are necessary
for a conclusive assessment of this issue. An interesting ques-
tion in this respect is how type i/i+ and type ii ETGs compare
to each other with respect to their angular momentum per unit
mass in the definition by Emsellem et al. (2007). These authors
have shown that fast rotators in the SAURON sample tend to be
lower-luminosity ETGs with well-aligned photometric and kine-
matic axes, whereas slow rotators typically exhibit significant
misalignments and kinematically decoupled cores.
A comparative study of type i/i+ and ii ETGs with regard to
the kinematics of their wim is obviously another key task that
could help understanding whether gas is internally produced, in
the course of stellar evolution, or accreted from captured satel-
lites. The spiral-arm like SF features in type i+ ETGs, or faint
embedded SF patterns in several other ETGs are suggestive,
yet no proof, for the gas accretion scenario. With regard to the
discussion below it is important to bear in mind that the non-
detection of ordered gas motions in most of our sample ETGs
(especially those classified type ii) may reflect observational
limitations due to the extreme faintness of the wim (see also
Sect. 5.5, in particular our remarks on the type i+ ETG NGC
160 in Fig. 3). Clearly, a detailed study of ionized-gas kinemat-
ics is, in particular in type ii ETGs a formidable task that only
can be pursued with a high S/N (typically ≥60 at 6390–6490 Å)
and/or spatially binned data (e.g., García-Lorenzo et al., 2015).
Some noteworthy trends are apparent though from the analy-
sis of our low-resolution V500 data: In roughly one third (11) of
the sample ETGs (8 classified type i and in the three type i+)
gas kinematics are consistent with rotation aligned with stel-
lar motions, albeit slightly perturbed kinematical patterns. For
instance, in NGC 1167 the wim rotation axis appears slightly
tilted relative to the stellar one, with a possible spatial offset be-
tween the photometric and kinematical center. In three type i
ETGs (NGC 5966, UGC 10695 and UGC 10905) gas kinemat-
ics appear to be dominated by outflows, and a suggestion for an
outflowing gas component is also present in NGC 6146. Of the
three type ii ETGs showing stellar rotation perpendicular to the
major axis, we do not detect gas motions in NGC 6173 and NGC
7236, whereas in NGC 6338 there is a trace of a compact rotating
(∼70 km s−1) wim component, centered on the optical nucleus.
Likewise, in NGC 7550 gas rotation at ∆vg∼ 80 km s−1 can be
traced within the central ∼7 kpc of a pressure-supported stellar
host. Summarizing, this study further highlights and adds obser-
vational insight into the kinematical diversity of the ETG galaxy
family (see also, e.g., Sarzi et al., 2006; Katkov et al., 2014).
On the other hand, the evidence from Figs. 1 and C.1–C.31 per-
mits identification of broad kinematical trends in the three ETG
types: Type i and i+ ETGs are generally rotation-supported with
many cases of perturbed rotational patterns or outflows in their
wim, whereas type ii ETGs exhibit both rotationally or pressure
supported stellar kinematics, and generally lack distinguishable
kinematic patterns in their ionized gas. In Table 1 (col. 14) in-
cludes a descriptive 3-character kinematical classification, with r
denoting rotation-dominated kinematics, p perturbed rotational
patterns, o gas outflows, and n no distinguishable patterns or
pressure-supported stellar kinematics. The first and third char-
acter refer, respectively, to the kinematics of stars and gas, and
the second one indicates in the case of stellar rotation (r or p)
whether the kinematic and photometric major axes are roughly
aligned (‖) or not (∦).
5.5. Equivalent width bias on ETG taxonomy
A central result from our study in P13 is the considerable ra-
dial dependence of the EW(Hα) in many ETGs (panels c&h): A
distinctive property of several type ii ETGs is their almost wim-
emission free cores and their outwardly increasing EW(Hα),
reaching in some cases readily detectable levels (∼〈EW?〉) in
their periphery only. With regard to type i ETGs, although
these show on average an EW(Hα)'〈EW?〉 in their extranu-
clear component, there are several cases in our sample where the
EW(Hα) significantly varies within different radial zones. This
is particularly true for the two-zone wim morphology of type i+
ETGs: An illustrative example NGC 1349 showing a constant
EW(Hα)'〈EW?〉 for R?≤8′′ (3.4 kpc), in agreement with pure
pAGB photoionization, whereas in the periphery (R?∼16–20′′)
the EW(Hα) rises to >∼6 Å, revealing an extra ionizing field pro-
duced by ongoing SF activity (Sect. 5.2).
In fact, the intuitive expectation that emission-line EWs in
ETGs are spatially correlated with the surface brightness of the
stellar background, invariably attaining their peak value at the
ETG nuclei, is disproved by panels c and h of Figs. 1–C.31.
What a comparison of panels a&b with panel c reveals in many
cases is actually an inverse trend with the EW(Hα) showing –
contrary to the stellar and Hα surface brightness – low or even
minimum value in the nuclear region (e.g., Fig. C.4). This spa-
tial anti-correlation between the intensity and EW of emission
lines has been documented and discussed in studies of low-mass
starburst galaxies (Papaderos et al., 1998, 2002) and, in the case
of ETGs, it can partly attributed to line-of-sight dilution of nu-
clear EWs by a triaxial stellar host (P13). As we pointed out in
P13, this geometric effect introduces a selection bias against the
detection of nuclear activity in galaxy spheroids, since emission-
line EWs (and obviously any other manifestation of energy re-
lease by an AGN in UV-NIR wavelengths) in their centers are
diluted, not only by the local stellar background, but, addition-
ally, by the integrated line-of-sight luminosity of stars. Since this
geometric dilution effect amplifies an observational bias stem-
ming from the high Lyc photon escape fraction in type ii ETG
nuclei, caution is needed when arguing that the weakness of nu-
clear emission-lines and EWs in ETGs/LINERs is evidence for
weak or non-existent accretion-powered nuclear activity.
In the light of these two effects, analogous considerations
apply also to the usage of EW(Hα) as discriminator between
AGN and ‘retired’ galaxies in the context of the WHAN clas-
sification (Cid Fernandes et al., 2011): A nuclear EW(Hα) be-
tween EW−? and EW+?, i.e. in the range of predicted values for
pAGB photoionization in ‘retired’ galaxies, does not necessar-
ily rule out AGN as the dominant excitation source of the wim.




Fig. 3. Emission-line free stellar continuum (a), Hα flux in 10−16 erg s−1 cm−2 (b) and Hα+[NII] line-of-sight velocity in km/s (c) of
the type i+ ETG NGC 160, as inferred from processing of CALIFA (v1.5) V500 with PORTO3D. The overlaid contours delineate
the EW(Hα) morphology of the galaxy and go from 4 Å to 21 Å in steps of 3 Å. North is up and east to the left.
metric dilution and Lyc escape bias) could exceed by more than
one order of magnitude the observed (projected) one, shifting on
the WHAN diagram a seemingly ‘weak’ (low-luminosity) AGN
into the ‘strong’ AGN regime (cf our discussion in P13).
It is also worth contemplating the observational biases that
the EW detection limit may have on taxonomical studies of
ETGs. Note that extranuclear nebular emission would not had
been detected in any type ii ETG if our analysis was restricted to
an EW(Hα)≥1 Å. Because of the geometrical EW dilution effect,
even the compact Hα-emitting nuclei of many type i and type ii
ETGs (e.g., in NGC 1349, UGC 8234, NGC 6515, NGC 7025)
vanish to EWs≤1 Å, and would had gone undetected if such a
‘quality-ensuring’ EW(Hα) threshold would had been adopted.
By that cutoff, all but three type ii ETGs (NGC 6338, UGC
11958 and NGC 7550) would had been classified as gas-free
‘passive’ galaxies (see definition by Cid Fernandes et al., 2011).
Even though the thin higher-EW outer rim of nebular emission
would had been recovered in type i+ ETGs, this alone would not
had demonstrated the extended nature of the circumnuclear wim
component.
The importance of this EW-threshold bias may be illustrated
through inspection of the wim morphology and kinematics maps
of NGC 160, a type i+ ETG which will be subject of a forth-
coming article of this series. The overlaid contours in the three
panels of Fig. 3 depict the EW(Hα) morphology of the galaxy
and go from 4 Å to 21 Å in steps of 3 Å. Whereas a substrate
of diffuse (0.5<∼EW(Hα)[Å]<∼2) wim is present almost every-
where in the central part of the galaxy, the bulk of Hα emis-
sion is confined to an extended (∼60′′×40′′) rim surrounding
the low-surface brightness stellar periphery (see also García-
Lorenzo et al., 2015). An EW detection threshold of 4 Å (i.e.
≥EW+?; outermost contour in all panels) would obviously allow
for the recovery of the outer rim only, leading to the erroneous
conclusion that this ETG is completely devoid of wim almost
throughout its optical extent, out to ∼24 mag/uunionsq′′ in the SDSS r
band (cf Breda et al., in prep.). A further implication would had
been the complete rejection of the pAGB photoionization hy-
pothesis, since this is testable only for an EW detection thresh-
old ≤EW+?, and the conclusion that photoinization by OB stars is
the sole gas excitation mechanism in this ETG. An EW thresh-
old >∼EW+? would also result in a severely incomplete view of the
overall gas kinematics everywhere but in the EW-enhanced rim,
with obvious implications to the dynamical modeling of such a
galaxy.
6. Summary and conclusions
In this article, we investigate in significantly more detail the sam-
ple of 32 CALIFA ETGs that we discussed in P13 which had its
focus on their radial EW(Hα) distribution and Lyc photon es-
cape fraction. We study here the 2D properties of their diffuse
warm interstellar medium (wim) to gain insight into its exci-
tation mechanism(s) and provide additional observational con-
straints aiming at systematizing the physical properties of these
systems. Among other quantities derived by applying our IFS
data processing pipeline PORTO3D to low-spectral resolution
(∼6 Å FWHM) CALIFA data, we present for each galaxy Hα in-
tensity and EW maps, as well as radial profiles. Also, we analyze
the nuclear and extranuclear nebular emission of the wim using
diagnostic line ratios. A comparison sample of intermediate-to-
late type CALIFA galaxies is meant to illustrate how various
observables of interest change from bulge-dominated ETGs to-
wards disk-dominated star-forming (SF) galaxies. Additionally,
we briefly discuss the kinematical properties of gas and stars in
our sample.
The main conclusions from this study may be summarized
as follows:
i) The analyzed ETGs contain an extended wim component
displaying a considerable diversity in its mean EW(Hα) and its
radial gradients. As we discussed in P13, our ETG sample can
be tentatively subdivided in two groups. The extranuclear wim
of the first class (type i) is characterized by a nearly constant
EW(Hα) of ∼1 Å, with the exception of a few systems (i+, in the
notation by Gomes et al., 2015b) showing a steep EW(Hα) in-
crease in their periphery. The second group (type ii) displays al-
most wim-evacuated cores and a gradual increase of the EW(Hα)
outwardly to <∼1 Å.
ii) The ETGs studied here also display a large diversity in
their kinematics. The majority (27 out of 32) of our sample ETGs
exhibit stellar kinematics dominated by rotation, with three sys-
tems showing a kinematic major axis aligned with the photo-
metric minor axis. Type i and i+ ETGs are generally rotation-
supported with many cases of perturbed rotational patterns or
outflows in their ionized gas, whereas the class of type ii ETGs
contains both rotationally and pressure supported stellar sys-
tems, which generally lack distinguishable kinematic patterns in
their ionized gas.
iii) We compute the time evolution of the EW(Hα) for various
star formation histories (SFHs) and stellar metallicities based on
an evolutionary synthesis model and assuming case B recombi-
nation and standard conditions for the gas. We find that SFHs
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involving an exponentially decreasing star formation rate since
13 Gyr can reproduce the low (∼1 Å) EW(Hα)’s in the extranu-
clear component of present-day ETGs when a short (≤1 Gyr) e-
folding timescale is adopted. In this case, the Lyman continuum
(Lyc) output predicted to arise from the pAGB stellar compo-
nent is sufficient for powering the excitation of the diffuse wim.
SFHs involving a longer e-folding timescale (e.g., ≥3 Gyr) im-
ply higher EW(Hα)’s than observed ones.
iv) As far as most type i ETGs are concerned, photoion-
ization by the evolved pAGB stellar background offers a con-
sistent, yet not necessarily compelling, explanation for the ob-
served EW(Hα)’s and τ ratios (the inverse ratio of the observed
Hα luminosity to that predicted for pure pAGB photoionization).
We point out that Lyc photon escape and geometric line-of-sight
dilution of EWs (cf P13) could conspire in such a way as to
reproduce the low ('1 Å) and nearly constant EW(Hα) in the
extranuclear component of type i ETGs, thereby mimicking a
predominance of pAGB photoionization to the excitation of their
diffuse ionized gas component, while hiding a potentially impor-
tant role by AGN and low-level SF. The presence of the latter in
the extranuclear component of several ETGs from our sample is
clearly indicated from EW(Hα) maps.
v) The radial EW(Hα) gradients and the extreme faintness
of nebular emission in ETGs, in particular in systems classified
type ii, leads to biases impacting the detectability of the extended
wim component and the interpretation of its excitation mecha-
nisms. We point out that nebular emission in the centers of type ii
ETGs will generally evade detection below an EW threshold of
∼0.5–1.0 Å, which could lead to the conclusion that these sys-
tems are entirely devoid of wim, and their erroneous classifica-
tion as passive galaxies.
vi) The radial distribution of diagnostic line ratios indicates
that, in their majority, ETGs show LINER-specific spectroscopic
properties both in their nuclear and extranuclear zones. Our sam-
ple includes, however, a few notable exceptions (in particular,
type i+ ETGs) where a significant contribution by star formation
in peripheral zones is reflected both on radial log([N II]/Hα),
log([O III]/Hβ) and τ profiles, and EW(Hα) maps. This calls
attention to the heterogeneity of the ETG class, pointing to a
complex interplay between the 3D properties of the wim and the
combined action of various gas ionization sources, such as, e.g.,
shocks, OB stars and the evolved pAGB component. As we ar-
gue in Papaderos et al. (2013) and further detail here, the weak-
ness of nebular emission lines in ETG nuclei is not compelling
evidence for the absence of accretion-powered nuclear activity
in these systems. In fact, radio-continuum and/or X-ray data, or
bipolar or unipolar wimlobes protruding several kpc away from
the LINER nuclei of 25% of our sample ETGs witness the ener-
getic action of an AGN. Summarizing, the results and considera-
tion presented in this study are incompatible with the hypothesis
of the global gas excitation patterns in ETGs being controlled by
one single dominant mechanism.
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Appendix A: The time evolution of the Hα
equivalent width in the case of pure pAGB
photoionization
As discussed in Sect. 1, the time evolution of the Lyc output
from the evolved pAGB stellar component in ETGs has been
evaluated in several previous studies (e.g., Binette et al., 1994;
Stasin´ska et al., 2008; Cid Fernandes et al., 2010) all of which
assume an instantaneous SF process. Here we extend this the-
oretical work by addressing how the Lyc rate from the pAGB
stellar component, and the associated nebular emission by pho-
toionized gas, evolve when a slowly declining SF activity is as-
sumed. For this purpose, we use our evolutionary synthesis code,
adopting a wider range of star formation histories (SFHs), from
an instantaneous burst to continuous SF to compute synthetic
spectral energy distributions (SEDs).
The synthetic composite stellar SEDs were computed us-
ing the full set of ages for the SSPs from Bruzual & Charlot
(2003, hereafter BC03; comprising 221 spectra spanning an
age between 0 and 20 Gyr) and assuming a constant metallic-
ity Z. The BC03 SSP library uses ‘Padova 1994’ evolutionary
tracks (Alongi et al., 1993; Bressan et al., 1993; Fagotto et al.,
1994a,b,c; Girardi et al., 1996), the Chabrier (2003) IMF with
a lower and upper mass cutoff of 0.1 and 100 M, respectively,
and the STELIB stellar library (Le Borgne et al., 2003), sup-
plemented blueward of 3200 Å and redward 9500 Å by BaSel
3.1 spectra (Westera et al., 2002). The UV coverage of these
SSPs permits computation of the Lyc photon output as a func-
tion of time (see Sect. B.3). In computing the nebular contin-
uum contribution we assumed an electron temperature and den-
sity of Te = 104 K and ne = 100 cm−3, respectively. Balmer
emission-lines were computed from the total UV ionizing flux
using the effective recombination coefficient αeffHα and by assum-
ing ionization-bound nebulae (case B recombination).
Figure A.1 (upper panel) shows the time evolution of the
EW(Hα) for four parametrizations of the SFH: instantaneous
burst, continuous SF and exponentially decreasing SF with an
e-folding time of 1 Gyr and 3 Gyr (black, yellow, green and vi-
olet curve, respectively). The EW(Hα) expected from the pAGB
(≥ 108 yr) stellar component for the combination of these mod-
els is displayed as the cyan shaded area. The lower-left panel of
the figure shows the time evolution of the Lyc photon rate per per
solar mass, with the fractional contribution of the pAGB compo-
nent displayed separately in the lower-right diagram.
From Fig. A.1 it is apparent the well-known fact (see, e.g.,
Leitherer et al., 1999; Weilbacher & Fritze-von Alvensleben,
2001; Kotulla et al., 2009) that the Lyc photon rate and the
corresponding Balmer-line EWs show a strong evolution with
time, depending on the assumed SFH. For an instantaneous burst
model, the Lyc photon rate (s−1), following a steep decrease by
∼5 dex over the first 108 yr of galaxy evolution, levels off to a
nearly constant level, scaling only with the available stellar mass
as ≈ 1041 M?/M (see also Cid Fernandes et al., 2011). This re-
sults in a nearly constant EW(Hα) in the narrow range between
∼0.1 Å and ∼2.4 Å (EW+?) over nearly the whole Hubble time.
Note that an EW(Hα)'0.1 Å corresponds to a short (<50 Myr)
period at the onset of the pAGB phase. As the curves within the
shaded area of Fig. A.1 depict, the EW(Hα) predicted for the
pure pAGB component for other SFHs also shows little evolu-
tion with time, with the notable trend, however, of remaining
lower than that predicted for the instantaneous burst model. This
is particularly true for the continuous SF model, which implies
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Fig. A.1. upper panel: Predicted EW(Hα) (Å) as a function of
time for a solar-metallicity stellar population with a Salpeter
IMF forming instantaneously (black), continuously at a constant
SFR (yellow) and with an exponentially decreasing SFR with
e-folding times te of 1 Gyr and 3 Gyr (green and red curve, re-
spectively). The light-grey shaded area in the lower-right part
of the diagram encompasses the range in EW(Hα) predicted
from pAGB photoionization for ages ≥0.1 Gyr, and the narrow
dark strip depicts the corresponding prediction (EW(Hα)'1 Å
≡〈EW?〉) for the typical age of ETGs (≥6 Gyr). The lower panel
shows the time evolution of the Lyc photon rate expected by the
instantaneous and exponentially decreasing SFR models, and the
mass fraction in % of stars older than 100 Myr (referred to as
pAGB) is displayed separately in the lower-right diagram.
factor ∼2 lower value than the single-burst model. However,
by considering the EW(Hα) expected to arise from the total
(young+pAGB) stellar component (curves in the upper part of
the same panel), it is obvious that continuous as well as expo-
nentially decreasing (te=3 Gyr) SF models can be discarded for
ETGs, as they predict a large (≥6 Å) EW(Hα) even for an age
of ∼10 Gyr, whereas the observations (cf, e.g., P13 and Sect. 4)
indicate values in the range of 1–2 Å. On the other hand, a model
involving a shorter (te=1 Gyr) phase of exponentially declining
SFR (green curve) is compatible with the literature data, as it
predicts an EW(Hα)≈EW+? after 6.3 Gyr of galactic evolution,
just like the instantaneous SF model. For reasonable assump-
tions on the age of ETGs (≥6 Gyr) these last two SFHs imply
consistently a narrow span between ∼1 Å (〈EW?〉) and EW+? for
the EW(Hα) of photoionized gas. Allowing for a generous low
limit of EW−?=0.5 Å (corresponding to a minimum τ=2 defined
in P13 as a conservative low limit for the presence of Lyc es-
cape) we consider an observed EW(Hα) in the range between
0.5 Å and 2.4 Å to be consistent with the pAGB photoionization
hypothesis.
Appendix B: Analysis methodology
Figure B.1 provides a schematic overview of the three main
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Fig. B.1. Schematic outline of the three main modules of PORTO3D (v.2).
B.1. Module m.1: Computation of stellar fits and
post-processing of the results
The module m.1, which is invoked at the first stage, extracts spec-
tra from an IFS cube spaxel-by-spaxel, along with auxiliary in-
formation provided by the CALIFA data reduction pipeline (er-
ror spectrum, bad pixel map), computes initial statistics, and per-
forms a number of preparatory steps that are necessary for sub-
sequent fitting with STARLIGHT. These include the computation
of the signal-to-noise (S/N) in various spectral windows (with
the option of rejecting spaxels that do not satisfy certain qual-
ity criteria), the flagging of spurious features and emission lines
within pre-defined or automatically generated spectral masks,
and the spectral resampling to the restframe and wavelength re-
binning to 1 Å/pixel. The observed flux at each wavelength Oλ
and its uncertainty eλ, provided by the CALIFA v1.3c reduction
pipeline output or auto-computed with a sliding boxcar filter4,
are finally exported together with flagging tags into ascii files in
the format required for subsequent fitting with STARLIGHT. This
module also creates up to 16 execution scripts, facilitating auto-
mated parallel spectral fitting of the data with multi-core CPUs.
For each sample galaxy, typically ∼2700 individual spectra with
a S/N>∼30 at the normalization wavelength (5150 Å) were ex-
tracted and modeled with STARLIGHT.
The goal of STARLIGHT is the decomposition of an observed
spectrum into a linear combination of its constituent SSP spec-
tra. A description of the code is given in Cid Fernandes et al.
4 This approach has been adopted in our pilot study of the ETGs NGC
5966 and NGC 6762 in K12, as an error spectrum was not provided in
earlier versions of the CALIFA data reduction pipeline.
2005 (C05), 2007; and subsequent publications of the SEAGal
collaboration5 and is supplemented by a detailed cookbook for
its application.
The best-fitting set of SSPs, together with the derived intrin-
sic V band extinction and velocity dispersion of the stellar com-
ponent are referred to in the following as population vector. This






x j b j,λ rλ
]
⊗G(v?, σ?),
where b j,λ ≡ LS S Pλ (t j,Z j)/LS S Pλ0 (t j,Z j) is the spectrum of the jth
SSP normalized at λ0, rλ ≡ 10−0.4(Aλ−Aλ0 ) is the reddening term, x
is the population vector, Mλ0 is the synthetic flux at the normal-
ization wavelength, N? is the total number of SSPs, G(v?, σ?)
is the line-of-sight stellar velocity distribution, modeled as a
Gaussian centered at velocity v? and broadened by σ?.
The convergence of the solution is driven by the standard χ2
minimization with respect to the observed spectrum Oλ




whereby spectral weights wλ are given by the inverse of the error
spectrum eλ.
STARLIGHT fits were computed in the spectral region be-
tween 4000 Å and 6800 Å. This was mainly because the S/N
of our sample ETGs bluewards of 4000 Å is generally too low
5 STARLIGHT & SEAGal: http://www.starlight.ufsc.br/
16
The warm ionized gas in CALIFA early-type galaxies
for a reliable stellar fit and the subsequent determination of the
flux in the [OII]λλ3726,3729 line doublet. The red spectral re-
gion (6900–7300 Å) was also disregarded because of its gener-
ally low S/N and spectral artifacts due to vignetting in the outer
part of the PPAK FOV (see Sánchez et al., 2012).
For each spaxel STARLIGHT fits employing between 7 and
12 Markov chains were computed twice, using two different
Simple Stellar Population (SSP) libraries, each comprising 34
ages (between 5 Myr and 13 Gyr) and three metallicities (0.008,
0.019, 0.03), i.e. 102 SSPs in total. The first set of models uses
SSPs from Bruzual & Charlot (2003, hereafter BC03). As these
cover the UV spectral range, they allow to infer the Lyc pho-
ton output from each best-fitting population vector (see Sect. A
for further details) which is in turn used for the computation
of the τ ratio (module m.3). For the second set of STARLIGHT
fits we used SSPs from MILES (Sánchez-Blázquez et al., 2006;
Vazdekis et al., 2010; Falcón-Barroso et al., 2011) which cover
the optical spectral range (3540 – 7410 Å) only.
The module m.1 also permits spaxel binning prior to fitting
according to various prescriptions (e.g., averaging to a constant
S/N along azimuthal segments within isophotal annuli, see dis-
cussion in Sect. B.4 and Fig. B.5). Whereas a number of par-
allel runs on binned data cubes were conducted to check the
robustness of the detection of faint nebular emission in the ex-
tranuclear component of our sample ETGs, we resorted to the
methodology in K12 and P13 of carrying the spectral analysis
in a single-spaxel (sisp) mode, and subsequently combining the
results within irregular annuli (Sect. B.4).
Figure B.2 shows a high-quality (mean percentual deviation
ADEV'1.4; cf STARLIGHT manual and Cid Fernandes et al.,
2005) fit to a high-S/N spectrum from an off-center spaxel in
the ETG NGC 5966. The observed spectrum Oλ, normalized at
5150 Å, and the fit (Mλ) to it are shown in orange and blue color,
respectively, in panel a. The lower-left panel b displays the fit
residuals, with shaded regions depicting spectral regions flagged
prior to the fit, or subsequently rejected by STARLIGHT. Panels
c&d show, respectively, the luminosity (x j) and mass (µ j) contri-
bution of the individual SSPs (1 . . . j) composing the best-fitting
population vector. The thin grey vertical lines in the upper-right
panel mark the 34 ages available in the SSP library for the three
stellar metallicities (each coded by a different color), and the
shaded area in the lower panel shows a smoothed version of the
µ j distribution. The latter represents an illustrative approxima-
tion to the true SFH of stellar populations within the spaxel un-
der study. It can be seen that the SFH involves an extended star
formation episode occuring until ∼7 Gyr ago with a recent SF
peak at ∼10 Myr. This fit therefore indicates that the stellar mass
M? is dominated by an evolved pAGB stellar population with
a mass-weighted age of 8.2 Gyr. It also implies little intrinsic
extinction (<∼0.2 V mag) and no significant star-forming activity
over the past ∼1 Gyr.
The module m.1, besides storing the relevant output from
each fit (σ?, v?, ..., among others), computes various quanti-
ties of interest, such as the time at which 50% of the present-day
and ever-formedM? was in place, the luminosity contribution of
stars formed in the past 5 Gyr (M?,5 Gyr), and the luminosity- and






























































Fig. B.3. Luminosity-weighted and mass-weighted stellar age
(upper and lower map, respectively) in Gyr (right-hand vertical
bar) determined from STARLIGHT fits to individual spaxels. A
trend for decreasing age with radius is apparent, in qualitative
agreement with the results by González Delgado et al. (2014a).
The 〈t?〉M map indicates a mass-weighted stellar age of ≥7 Gyr







µ j log t j. (B.2)
The dispersion of these quantities is also computed in the stan-
dard manner and exported into a data cube with dimension
x × y × z, where x × y is the dimension of the CALIFA input
IFS cubes in arcsec, and z holds various quantities (age, metal-
licity, kinematics, emission-line fluxes, etc.) for each spaxel.
The 〈t?〉M and M?,5 Gyr maps provided by PORTO3D (see
Fig. B.3 for an example) were only used for checking the sound-
ness of the STARLIGHT fits and checking the pAGB nature of
the stellar component in the studied ETGs.
B.2. Module m.2: Computation of emission-line maps
The extraction of emission line fluxes in ETGs is in itself a chal-
lenging task due to their faintness, as already pointed out in
several previous studies (e.g., Sarzi et al., 2006; Annibali et al.,
2010, , K2, P13). Indeed, faint (EW∼1 Å) emission lines, buried
within broader stellar absorption features, can only be detected
and quantitatively studied upon precise subtraction of a high-
S/N stellar continuum. Even in that case, a careful assessment of
their uncertainties in individual spaxels is fundamental.
Previous longslit and IFS studies have generally investigated







Fig. B.2. a: Example of a high-quality fit with STARLIGHT to a V500 spectrum (blue and orange color, respectively) extracted from
an off-nucleus spaxel of the ETG NGC 5966. From the lower-left panel b it is apparent that the fit residuals are small (on average,
<∼5% of the stellar continuum level) yet systematic (see also Fig. B.4 and discussion in Sect. B.2). Shaded areas depict wavelength
intervals that were flagged prior to spectral fitting. Panels c and d display, respectively, the luminosity (x j) and mass (µ j) contribution
of individual SSPs (1 . . . j) in the best-fitting population vector. The thin grey vertical lines in the upper-right panel depict the 34 ages
available in the SSP library for three stellar metallicities (color coded), and the shaded area in the lower panel shows a smoothed
version of the µ j, which is meant as an illustration of the star formation history. The fit implies a dominant old (pAGB) stellar
population suffering little intrinsic extinction (AV <∼ 0.2 mag).
i.e. of the order of the EWs of Balmer stellar absorption profiles,
leading to the conclusion that 2/3 of ETGs show faint nuclear
and extranuclear nebular emission. A key contribution to ad-
vancing our understanding of the wim component in ETGs has
been made by the SAURON project, which has first disclosed
the diversity of emission-line morphologies and kinematics in
these systems. Quite importantly, Sarzi et al. (2006) reported the
detection of very faint (EW∼0.1 Å) Hβ emission in some ETGs,
showing that even systems that were previously thought to be en-
tirely devoid of ionized gas actually contain a low-surface bright-
ness substrate of wim.
It is important to bear in mind, on the other hand, that
emission-line flux determinations in ETGs are sensitively de-
pendent on the quality of stellar fits, which in many cases show
subtle yet systematic residuals. An example is given in Fig. B.4
where we show a typical, medium-quality fit to a sisp high-S/N
spectrum. From the upper panel it can be seen that fitting resid-
uals are minor (on average, ≤5% of the normalized continuum),
yet systematic with both narrow (∼40 Å) and broader (∼200 Å)
spectral intervals imperfectly fitted. These residuals were dis-
cussed in (e.g., Sarzi et al., 2006; Walcher et al., 2006, among
others) and ascribed to a combination of various causes (e.g.,
imperfections in SSPs and/or fitting codes, α element enhance-
ment, contamination from telluric line emission). In the frame-
work of CALIFA this issue was further analyzed in Husemann
et al. (2013) through median-averaging of several thousands of
individual spectra, showing indeed a systematic behavior in the
residuals, in agreement with a parallel study by our team. The
latter has shown that broad ripples in fitting residuals are partly
to inaccuracies in the spectral sensitivity function adopted in the
CALIFA v1.3c reduction pipeline. Indeed, a reprocessing with
PORTO3D of part of the IFS data after reduction with the up-
graded version v1.4 shows that these broad residuals are much
reduced or absent, although smaller-scale residuals generally
persist. This issue is currently under scrutiny within the CALIFA
collaboration.
On the other hand, as pointed out in Husemann et al. (2013),
since these residuals are of the order or lower than the contin-
uum noise level, their impact on emission line determinations
is in practice negligible. Whereas we concur with this statement,
based on the analysis of a few emission-line galaxies in our com-
parison sample (see Appendix D), we find that small-scale fitting
residuals can significantly impact flux determinations for faint
(EW∼1 Å) emission lines when the standard technique of ap-
proximating the local rest-continuum by a first-order polynomial
is used. In this case, Gaussian line fitting/deblending may fail to
converge, or could lead to large errors owing to small-scale vari-
ations of the local background beneath and adjacent to emission
lines. For this reason, these systematic fitting residuals could ef-
fectively place an EW limit of >2 Å on studies of the wim, even
when high-S/N spectra are available.
To alleviate this problem, PORTO3D performs for each sisp
a rectification of the rest-continuum (i.e. Oλ–Mλ), which is
based on an 1D adaptation of the flux-conserving unsharp mask-
ing technique by Papaderos et al. (1998). This approach per-
mits determination of a smooth version for the rest-continuum
which is then subtracted from the input data array, yielding a net
emission-line spectrum with a mean value of zero unless emis-
sion lines are present (cf lower panel of Fig. B.4). Other than
the more conventional approach of re-fitting the residual contin-
uum with a high-order polynomial, this technique captures and
corrects both for large and small-scale fitting residuals, while
leaving noise statistics unaffected.
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Fig. B.4. upper panel: Subtraction of the best-fitting stellar SED computed with STARLIGHT with two different SSP libraries (BC03
and MILES; blue and magenta color, respectively) from an observed sisp spectrum extracted from an off-nucleus region of a CALIFA
ETG. It can be seen that the fit residuals are comparatively small, of the order of 1–2σ of the continuum in the blue spectral range,
yet systematic. lower panel: The same spectrum after rectification of the rest-continuum.
The determination of emission-line fluxes from rectified net
spectra is based on the combined application of two meth-
ods. The first one (el1) employs standard Gaussian line fit-
ting/deblending with the Levenberg-Marquardt non-linear fitting
algorithm and the second one (el2) a simple summation of the
flux within pre-defined spectral windows centered on the labo-
ratory wavelength of up to 50 emission lines, after correction
for local motions. In the first case, the previous rectification of
the residual continuum to a zero level is a key advantage, facil-
itating fast convergence and enhancing the robustness of emis-
sion line measurements, thereby permitting to extend the analy-
sis down to EWs∼0.5 Å for a typical S/N>∼50 in the continuum.
This is largely because the continuum rectification effectively
eliminates two free parameters (level and slope of the local con-
tinuum) in fitting/deblending. In cases where the deblending of
the Hα line from the [NII] lines has failed to converge into a
sensible solution, e.g., the [NII]λ6584/Hα ratio deviates from ∼3
beyond certain tolerance bounds, el1 switches to a coarse deter-
mination of the Hα flux by fitting the [NII]λ6584 line only, and
assuming a [NII]λ6584/[NII]λ6548=3. Prior to applying meth.
el2, PORTO3D uses the gas kinematics pattern inferred from el1
to slightly adjust the center of the spectral windows [λmin:λmax]
within which the flux summation is performed.
PORTO3D (v.2) estimates uncertainties in line fluxes by con-
sideration in quadrature of four contributions to the error budget.
The first one - taken into account only for el1 measurements - re-
flects formal errors in the fit, as obtained from the covariance
matrix and is in most cases negligible. The second term con-
siders photon statistics following a widely used formula (e.g.,









where σcont is the uncertainty in the determination of the local
continuum (defined by its noise level), N the width of the re-
gion used to measure the line in pixels, ∆λ the spectral disper-
sion in Å pix−1, and EW the equivalent width of the line in Å.
Emission-line EWs were computed from the ratio between the
line flux (measured on the net emission line spectra) and the
rectified model SED (Mλ). The third term, which is included
in el2 measurements only, uses the noise distribution array in
connection with an empirical scaling factor to gauge how the
line flux registered within the spectral window considered could
be affected by positive and negative photon noise peaks at the
1σ level. Note that none of the above terms captures uncertain-
ties related to the quality of the stellar fitting. An analytical es-
timate for the latter is obviously a non-trivial task, given that
it has to also include a realistic description of how errors in
the best-fitting stellar velocity dispersion and stellar metallic-
ity may affect fluxes of emission lines being embedded within
broader stellar absorption features. As a remedy to this prob-
lem, PORTO3D includes for el2 measurements an error contri-
bution that is linked to the local deviation δfit of the fit (i.e.
the value of the rectification array within the respective spec-
tral window δλ) as 0.68 · δλ· | δfit |. This term, which typically
dominates for faint emission-line fluxes, admittedly simplistic, is
meant as a minimum attempt to quantify the cumulative impact
of systematic errors in spectral fits on the recovered emission-
line fluxes. Related to this issue is likely also the quality of the
SSP models adopted. As we pointed out in K12, the fluxes of
faint (EW(Hα)<∼1 Å) emission lines in ETGs may change to up
to 10% depending on whether BC03 or MILES SSPs are used.
For this reason, we have taken in this and our previous stud-
ies the computationally expensive approach of performing the
full IFS data processing (spectral fitting and determination of
emission lines) twice, both with the BC03 and MILES SSP li-
brary, and to subsequently combine the results. This was done
with a decision-tree routine which prioritizes the up to four de-
terminations for each spaxel (el1 and el2 for two SSP libraries)
according to their soundness and estimated uncertainties. This
procedure uses an initial sanity check of several quantities (er-
rors, FWHM of emission lines, and in the case of the Hα+[NII]
blend, the difference between their central wavelengths) and, in
a second pass, the [NII] 6584/6548 ratios. Preference was gen-
erally given to el1 determinations, which, whenever available for
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both BC- and MILES-based fits were error-weighted averaged.
Whenever only one determination has passed the quality check,
it was adopted for the final map, and the same decision proce-
dure was followed for el2 measurements which were typically
used in low-S/N, low-EW(Hα) spectra.
B.3. Module m.3: Computation of the τ ratio
The τ ratio, defined in K12 as the ratio of the Balmer-line lu-
minosity expected to arise from pure pAGB photoionization to
the observed one, offers a simple yet efficient means for assess-
ing whether or not hot pAGB stars are capable of powering the
extended wim in ETGs. After our pilot analysis of the radial dis-
tribution of τ in two ETGs (K12), we extended this analysis in
P13 to the present sample of 32 ETGs to test the pAGB pho-
toionization hypothesis.
PORTO3D includes a routine that determines the total Lyc
photon output for each STARLIGHT fit by integrating shortwards
of the Lyc edge the UV continuum the SEDs of the individual
SSPs (BC) composing the best-fitting population vector. In this
procedure, only SSPs for stellar populations older than 108 yr
are considered in order to compute the total Lyc output of the
pAGB component only. The Balmer-line luminosities expected
from it are computed assuming case B recombination and stan-
dard conditions for the gas (ne = 100 cm−3, Te=104 K). In ETGs,
the typically large uncertainties in emission line fluxes and their
ratios, generally prevent a reliable determination of the intrinsic
extinction in the wim. Therefore, the optional inclusion of intrin-
sic extinction in PORTO3D m.3 has to rely on the stellar V band
extinction, as inferred from STARLIGHT fits, which was gener-
ally found to be low (<0.1 mag).
As discussed in our previous studies (see also Sect. 1, a τ ' 1
corresponds to an equilibrium situation where the Lyc photon
rate from pAGB stars precisely balances the observed Hα lumi-
nosity. A τ < 1, on the other hand, indicates an additional con-
tribution by an extra source, such as AGN, shocks or OB stars.
Finally, as we discussed in P13, a τ ratio exceeding unity corre-
sponds to the situation of leakage of a fraction 1-τ−1 of the Lyc
output from the pAGB component. However, given the inherent
uncertainties in the currently available model predictions for the
UV output from pAGB stars, we conservatively assumed in P13
and in this study a τ ≥ 2 as robust evidence for Lyc escape.
B.4. Computation of radial profiles
In Sect. 4 we show the radial distribution of various quantities of
interest, such as the intensity and EW of the Hα emission line,
and the [O III]5007/Hβ, [N II]6584/Hα and τ ratios. Following our
methodology in P13, we include in all diagrams two comple-
mentary data sets:
i) single-spaxel (sisp) determinations from fits with an ADEV
|Oλ − Mλ| / Oλ ≤ 2.6 (cf K12 and the STARLIGHT manual). This
higher-S/N subsample has the lowest uncertainties in fitting pa-
rameters and emission-line fluxes at the price of being spatially
restricted to typically the central, higher-surface brightness part
(µ <∼23 g mag/uunionsq′′) of the studied galaxies.
ii) The average of all sisp determinations within isophotal an-
nuli (isan) adapted to the morphology of the (line-free) contin-
uum between 6390 Å and 6490 Å. These data, which are to be
considered in a statistical sense, go >∼2 mag fainter, allowing the
study of the wim in the ETG periphery.
The isophotal annuli method (Papaderos et al., 2002, referred
to as meth. iv; subsequently as Lazy by Noeske et al. 2003,2006)
Fig. B.5. Adaptation of the irregular annuli surface photome-
try technique by Papaderos et al. (2002) for the purpose of az-
imuthal binning of spaxels to a constant S/N within radial zones.
The color coding is meant to illustrate the segmentation within
isophotal annuli.
was developed with the goal of the derivation of radial surface
brightness and nebular line intensity profiles in irregular galax-
ies with a not well constrained optical center, for which the con-
ventional approach of fitting ellipses to isophotes of 2D axis-
symmetric luminosity components is of limited applicability. Its
main concept consists in the determination of photon statistics
within equidistant logarithmic slices of a galaxy image (or of
a reference image, such as, e.g., a stacked image of all available
passbands, or in the context of this study the line-free 6390–6490
Å pseudo-continuum image) with each of these irregular slices
faithfully reproducing the morphology of a galaxy within each
intensity interval [I:I+δI] and corresponding to a well-defined
photometric radius R?. In the context of IFS data, this technique
was first used in K12 (see their Appendix for further details) and
more recently by Sánchez et al. (2014b) for the derivation of
gas-phase metallicity gradients in CALIFA late-type galaxies.
Figure B.5 illustrates the adaptation of the isophotal an-
nuli technique such as to permit azimuthal binning of spaxels
to a constant S/N within radial zones. This add-on routine to
PORTO3D was used in P13 and in this study in order to double-
check the presence of extended nebular emission in ETGs. These
tests were supplemented through the modeling of the integrated
spectrum within each annulus, extracted by the same routine by
requesting an unrealistically high S/N. Figure B.6 shows exam-
ples of the residual emission after subtraction of the stellar fit
with BC SSPs and continuum rectification within successively
large annuli for three ETGs from our sample, illustrating the ex-
treme faintness of nebular emission in type ii ETGs (NGC 6338
and NGC 7550; panels b&c) as compared to type i ETGs (NGC
1167; panel a).
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a) b) c)
Fig. B.6. Integrated spectra of the type i ETG NGC 1167 (a) and the type ii ETGs NGC 6338 and NGC 7550 (panels b and c,
respectively) within successive isophotal annuli (isan), after subtraction of the stellar emission and rectification of the continuum.
Each spectrum is labeled with the photometric radius (′′) of the annulus within which it was sampled and vertically shifted by an
arbitrary amount, with the overlaid dotted horizontal lines depicting the zero level. The vertical bar in each panel corresponds to a
flux level interval of 10−16 erg s−1 cm−2. The extreme faintness of extended nebular emission in type ii ETGs, as compared to the
type i ETG NGC 1167 is apparent.
Appendix C: 2D emission-line patterns and
kinematics for 32 galaxies
This section illustrates the diversity of ETG galaxies within our
sample with respect to morphology, kinematics and physical
properties of their warm interstellar medium. The galaxies are
ordered according to Table 1. Note that the maps and radial pro-





















D = 106.4 Mpc | Mr = -21.9 mag




































































































































































































Fig. C.1. UGC 5771: 2D maps (panels a-f and n), radial intensity and EW of Hα (panels g and h), BPT diagrams (panels i and j), radial distribution
of diagnostic line ratios (k and l), and the τ ratio (panel m). In all 2D maps north is up and east to the left. The horizontal bar corresponds to 20′′.
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D = 96.6 Mpc | Mr = -21.71 mag




































































































































































































Fig. C.2. NGC 4003: 2D maps (panels a-f and n), radial intensity and EW of Hα (panels g and h), BPT diagrams (panels i and j), radial distribution





















D = 116.1 Mpc | Mr = -22.5 mag




































































































































































































Fig. C.3. UGC 8234: 2D maps (panels a-f and n), radial intensity and EW of Hα (panels g and h), BPT diagrams (panels i and j), radial distribution
of diagnostic line ratios (k and l), and the τ ratio (panel m). In all 2D maps north is up and east to the left. The horizontal bar corresponds to 20′′.
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D = 69.0 Mpc | Mr = -21.67 mag




































































































































































































Fig. C.4. NGC 5966: 2D maps (panels a-f and n), radial intensity and EW of Hα (panels g and h), BPT diagrams (panels i and j), radial distribution





















D = 97.6 Mpc | Mr = -21.79 mag




































































































































































































Fig. C.5. UGC 10205: 2D maps (panels a-f and n), radial intensity and EW of Hα (panels g and h), BPT diagrams (panels i and j), radial
distribution of diagnostic line ratios (k and l), and the τ ratio (panel m). In all 2D maps north is up and east to the left. The horizontal bar
corresponds to 20′′.26



















D = 79.6 Mpc | Mr = -21.64 mag




































































































































































































Fig. C.6. NGC 6081: 2D maps (panels a-f and n), radial intensity and EW of Hα (panels g and h), BPT diagrams (panels i and j), radial distribution





















D = 127.4 Mpc | Mr = -23.04 mag




































































































































































































Fig. C.7. NGC 6146: 2D maps (panels a-f and n), radial intensity and EW of Hα (panels g and h), BPT diagrams (panels i and j), radial distribution
of diagnostic line ratios (k and l), and the τ ratio (panel m). In all 2D maps north is up and east to the left. The horizontal bar corresponds to 20′′.
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D = 120.1 Mpc | Mr = -22.21 mag




































































































































































































Fig. C.8. UGC 10695: 2D maps (panels a-f and n), radial intensity and EW of Hα (panels g and h), BPT diagrams (panels i and j), radial
distribution of diagnostic line ratios (k and l), and the τ ratio (panel m). In all 2D maps north is up and east to the left. The horizontal bar




















D = 114.1 Mpc | Mr = -22.26 mag




































































































































































































Fig. C.9. UGC 10905: 2D maps (panels a-f and n), radial intensity and EW of Hα (panels g and h), BPT diagrams (panels i and j), radial
distribution of diagnostic line ratios (k and l), and the τ ratio (panel m). In all 2D maps north is up and east to the left. The horizontal bar
corresponds to 20′′.30



















D = 44.9 Mpc | Mr = -20.07 mag




































































































































































































Fig. C.10. NGC 6762: 2D maps (panels a-f and n), radial intensity and EW of Hα (panels g and h), BPT diagrams (panels i and j), radial
distribution of diagnostic line ratios (k and l), and the τ ratio (panel m). In all 2D maps north is up and east to the left. The horizontal bar




















D = 70.7 Mpc | Mr = -22.05 mag




































































































































































































Fig. C.11. NGC 7025: 2D maps (panels a-f and n), radial intensity and EW of Hα (panels g and h), BPT diagrams (panels i and j), radial
distribution of diagnostic line ratios (k and l), and the τ ratio (panel m). In all 2D maps north is up and east to the left. The horizontal bar
corresponds to 20′′.32



















D = 87.7 Mpc | Mr = -21.62 mag




































































































































































































Fig. C.12. NGC 1349: 2D maps (panels a-f and n), radial intensity and EW of Hα (panels g and h), BPT diagrams (panels i and j), radial
distribution of diagnostic line ratios (k and l), and the τ ratio (panel m). In all 2D maps north is up and east to the left. The horizontal bar




















D = 90.1 Mpc | Mr = -22.08 mag




































































































































































































Fig. C.13. NGC 3106: 2D maps (panels a-f and n), radial intensity and EW of Hα (panels g and h), BPT diagrams (panels i and j), radial
distribution of diagnostic line ratios (k and l), and the τ ratio (panel m). In all 2D maps north is up and east to the left. The horizontal bar
corresponds to 20′′.34



















D = 118.5 Mpc | Mr = -21.93 mag




































































































































































































Fig. C.14. UGC 0029: 2D maps (panels a-f and n), radial intensity and EW of Hα (panels g and h), BPT diagrams (panels i and j), radial
distribution of diagnostic line ratios (k and l), and the τ ratio (panel m). In all 2D maps north is up and east to the left. The horizontal bar




















D = 98.1 Mpc | Mr = -22.40 mag




































































































































































































Fig. C.15. NGC 2918: 2D maps (panels a-f and n), radial intensity and EW of Hα (panels g and h), BPT diagrams (panels i and j), radial
distribution of diagnostic line ratios (k and l), and the τ ratio (panel m). In all 2D maps north is up and east to the left. The horizontal bar
corresponds to 20′′.36



















D = 48.0 Mpc | Mr = -20.96 mag




































































































































































































Fig. C.16. NGC 3300: 2D maps (panels a-f and n), radial intensity and EW of Hα (panels g and h), BPT diagrams (panels i and j), radial
distribution of diagnostic line ratios (k and l), and the τ ratio (panel m). In all 2D maps north is up and east to the left. The horizontal bar




















D = 98.3 Mpc | Mr = -22.46 mag




































































































































































































Fig. C.17. NGC 3615: 2D maps (panels a-f and n), radial intensity and EW of Hα (panels g and h), BPT diagrams (panels i and j), radial
distribution of diagnostic line ratios (k and l), and the τ ratio (panel m). In all 2D maps north is up and east to the left. The horizontal bar
corresponds to 20′′.38



















D = 102.6 Mpc | Mr = -22.15 mag




































































































































































































Fig. C.18. NGC 4816: 2D maps (panels a-f and n), radial intensity and EW of Hα (panels g and h), BPT diagrams (panels i and j), radial
distribution of diagnostic line ratios (k and l), and the τ ratio (panel m). In all 2D maps north is up and east to the left. The horizontal bar




















D = 72.2 Mpc | Mr = -22.16 mag




































































































































































































Fig. C.19. NGC 6125: 2D maps (panels a-f and n), radial intensity and EW of Hα (panels g and h), BPT diagrams (panels i and j), radial
distribution of diagnostic line ratios (k and l), and the τ ratio (panel m). In all 2D maps north is up and east to the left. The horizontal bar
corresponds to 20′′.40



















D = 126.0 Mpc | Mr = -22.38 mag




































































































































































































Fig. C.20. NGC 6150: 2D maps (panels a-f and n), radial intensity and EW of Hα (panels g and h), BPT diagrams (panels i and j), radial
distribution of diagnostic line ratios (k and l), and the τ ratio (panel m). In all 2D maps north is up and east to the left. The horizontal bar




















D = 126.9 Mpc | Mr = -23.19 mag




































































































































































































Fig. C.21. NGC 6173: 2D maps (panels a-f and n), radial intensity and EW of Hα (panels g and h), BPT diagrams (panels i and j), radial
distribution of diagnostic line ratios (k and l), and the τ ratio (panel m). In all 2D maps north is up and east to the left. The horizontal bar
corresponds to 20′′.42



















D = 120.5 Mpc | Mr = -22.70 mag




































































































































































































Fig. C.22. UGC 10693: 2D maps (panels a-f and n), radial intensity and EW of Hα (panels g and h), BPT diagrams (panels i and j), radial
distribution of diagnostic line ratios (k and l), and the τ ratio (panel m). In all 2D maps north is up and east to the left. The horizontal bar




















D = 117.5 Mpc | Mr = -22.79 mag




































































































































































































Fig. C.23. NGC 6338: 2D maps (panels a-f and n), radial intensity and EW of Hα (panels g and h), BPT diagrams (panels i and j), radial
distribution of diagnostic line ratios (k and l), and the τ ratio (panel m). In all 2D maps north is up and east to the left. The horizontal bar
corresponds to 20′′.44



















D = 57.6 Mpc | Mr = -21.71 mag




































































































































































































Fig. C.24. NGC 6411: 2D maps (panels a-f and n), radial intensity and EW of Hα (panels g and h), BPT diagrams (panels i and j), radial
distribution of diagnostic line ratios (k and l), and the τ ratio (panel m). In all 2D maps north is up and east to the left. The horizontal bar




















D = 51.3 Mpc | Mr = -20.84 mag




































































































































































































Fig. C.25. NGC 6427: 2D maps (panels a-f and n), radial intensity and EW of Hα (panels g and h), BPT diagrams (panels i and j), radial
distribution of diagnostic line ratios (k and l), and the τ ratio (panel m). In all 2D maps north is up and east to the left. The horizontal bar
corresponds to 20′′.46



















D = 99.0 Mpc | Mr = -22.11 mag




































































































































































































Fig. C.26. NGC 6515: 2D maps (panels a-f and n), radial intensity and EW of Hα (panels g and h), BPT diagrams (panels i and j), radial
distribution of diagnostic line ratios (k and l), and the τ ratio (panel m). In all 2D maps north is up and east to the left. The horizontal bar




















D = 110.7 Mpc | Mr = -22.35 mag




































































































































































































Fig. C.27. NGC 7194: 2D maps (panels a-f and n), radial intensity and EW of Hα (panels g and h), BPT diagrams (panels i and j), radial
distribution of diagnostic line ratios (k and l), and the τ ratio (panel m). In all 2D maps north is up and east to the left. The horizontal bar
corresponds to 20′′.48



















D = 108.2 Mpc | Mr = -21.45 mag




































































































































































































Fig. C.28. NGC 7236: 2D maps (panels a-f and n), radial intensity and EW of Hα (panels g and h), BPT diagrams (panels i and j), radial
distribution of diagnostic line ratios (k and l), and the τ ratio (panel m). In all 2D maps north is up and east to the left. The horizontal bar




















D = 108.3 Mpc | Mr = -21.82 mag




































































































































































































Fig. C.29. UGC 11958: 2D maps (panels a-f and n), radial intensity and EW of Hα (panels g and h), BPT diagrams (panels i and j), radial
distribution of diagnostic line ratios (k and l), and the τ ratio (panel m). In all 2D maps north is up and east to the left. The horizontal bar
corresponds to 20′′.50



















D = 100.6 Mpc | Mr = -22.21 mag




































































































































































































Fig. C.30. NGC 7436B: 2D maps (panels a-f and n), radial intensity and EW of Hα (panels g and h), BPT diagrams (panels i and j), radial
distribution of diagnostic line ratios (k and l), and the τ ratio (panel m). In all 2D maps north is up and east to the left. The horizontal bar




















D = 69.2 Mpc | Mr = -21.91 mag




































































































































































































Fig. C.31. NGC 7550: 2D maps (panels a-f and n), radial intensity and EW of Hα (panels g and h), BPT diagrams (panels i and j), radial
distribution of diagnostic line ratios (k and l), and the τ ratio (panel m). In all 2D maps north is up and east to the left. The horizontal bar
corresponds to 20′′.52
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Appendix D: Comparison with
star-forming/composite galaxies
This appendix is meant to illustrate the variation of the EW(Hα),
τ; and diagnostic line ratios from early-type towards late-type
galaxies. All but one of these systems are classifiable by BPT






















D = 31.9 Mpc | Mr = -18.91 mag




































































































































































































Fig. D.1. IC 540: 2D maps (panels a-f and n), radial intensity and EW of Hα (panels g and h), BPT diagrams (panels i and j), radial distribution
of diagnostic line ratios (k and l), and the τ ratio (panel m). In all 2D maps north is up and east to the left. The horizontal bar corresponds to 20′′.
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D = 52.6 Mpc | Mr = -20.04 mag




































































































































































































Fig. D.2. UGC 8778: 2D maps (panels a-f and n), radial intensity and EW of Hα (panels g and h), BPT diagrams (panels i and j), radial distribution





















D = 104.8 Mpc | Mr = -22.21 mag




































































































































































































Fig. D.3. IC 944: 2D maps (panels a-f and n), radial intensity and EW of Hα (panels g and h), BPT diagrams (panels i and j), radial distribution
of diagnostic line ratios (k and l), and the τ ratio (panel m). In all 2D maps north is up and east to the left. The horizontal bar corresponds to 20′′.
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D = 65.4 Mpc | Mr = -20.61 mag




































































































































































































Fig. D.4. IC 1683: 2D maps (panels a-f and n), radial intensity and EW of Hα (panels g and h), BPT diagrams (panels i and j), radial distribution





















D = 38.4 Mpc | Mr = -20.35 mag




































































































































































































Fig. D.5. NGC 4470: 2D maps (panels a-f and n), radial intensity and EW of Hα (panels g and h), BPT diagrams (panels i and j), radial distribution
of diagnostic line ratios (k and l), and the τ ratio (panel m). In all 2D maps north is up and east to the left. The horizontal bar corresponds to 20′′.
58
The warm ionized gas in CALIFA early-type galaxies
1 Instituto de Astrofísica e Ciências do Espaço, Universidade do
Porto, Centro de Astrofísica da Universidade do Porto, Rua das
Estrelas, 4150-762 Porto, Portugal
2 Instituto de Astrofísica de Andalucía (CSIC), Glorieta de la
Astronomía s/n Aptdo. 3004, E18080-Granada, Spain
3 Institut d’Astrophysique de Paris, UMR 7095, CNRS, Université
Pierre et Marie Curie, 98 bis boulevard Arago, 75014 Paris, France
4 Centro Astronómico Hispano Alemán de Calar Alto (CSIC-MPG),
C/ Jesús Durbán Remón 2-2, E-4004 Almería, Spain
5 University of Vienna, Türkenschanzstrasse 17, 1180 Vienna, Austria
6 Estación Experimental de Zonas Aridas (CSIC), Ctra. de
Sacramento s.n., La Cañada, Almería, Spain
7 Sydney Institute for Astronomy, University of Sydney, NSW 2006,
Australia
8 Millennium Institute of Astrophysics, Chile
9 Departamento de Astronomía, Universidad de Chile, Casilla 36-D,
Santiago, Chile
10 Astronomical Institute of the Ruhr-University Bochum
11 RUB Research Department Plasmas with Complex Interactions
12 Instituto Nacional de Astrofísica, Óptica y Electrónica, Luis E. Erro
1, 72840 Tonantzintla, Puebla, Mexico
13 Departamento de Física, Universidade Federal de Santa Catarina,
PO Box 476, 88040-900, Florianópolis, SC, Brazil
14 Leibniz-Institut für Astrophysik Potsdam (AIP), An der Sternwarte
16, D-14482 Potsdam, Germany
15 Instituto de Astrofísica de Canarias, Vía Láctea s/n, La Laguna,
Tenerife, Spain
16 Departamento de Astrofísica, Universidad de La Laguna, E-38205
La Laguna, Tenerife, Spain
17 CIEMAT, Avda. Complutense 40, 28040 Madrid, Spain
18 CEI Campus Moncloa, UCM-UPM, Departamento de Astrofísica
y CC. de la Atmósfera, Facultad de CC. Físicas, Universidad
Complutense de Madrid, Avda. Complutense s/n, 28040 Madrid,
Spain
19 Department of Physics, Institute for Astronomy, ETH Zürich, CH-
8093 Zürich, Switzerland
20 Australian Astronomical Observatory, PO Box 915, North Ryde,
NSW 1670, Australia
21 Department of Physics and Astronomy, Macquarie University, NSW
2109, Australia
59
